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7ABSTRACT
MODELING HUMAN USHER SYNDROME DURING DROSOPHILA
MELANOGASTER DEVELOPMENT
Human Usher syndrome is a severe and congenital form of syndromic deafness that
affects 1 person in 25,000 people in the world population. Normally the stereocilia,
microvillar protrusions of the apical membrane of inner ear hair cells, are organized into
coherent bundles. This precise organization is critical for mechanosensing, i.e. for
hearing.
Mutation in any of the five known Usher syndrome genes is sufficient to alter the precise
organization of stereocilia, a condition that results in deafness. To date, however, the
molecular mechanisms responsible for the splaying of stereocilia and genesis of the
disease are not well understood.
Here, I identified Drosophila melanogaster genes related to human Usher syndrome and
characterized some of them (Cad99C, DSANS and crinkled) during Drosophila
development, in the processes of microvilli morphogenesis in the follicular and wing
imaginal disc epithelia.
Cadherin Cad99C is a transmembrane protein with putative cell adhesion properties.
Similar to its human ortholog Protocadherin 15, Drosophila Cad99C localizes to
microvillar protrusions in the follicular epithelium. In this epithelium, Cad99C is required
for the proper morphogenesis and organization of microvilli into bundles, similar to
human Protocadherin 15. Further, overexpression of the full-length Cad99C or of a
deleted version, devoid of the cytoplasmic region, promotes microvilli bundling. This
finding suggests that Cad99C establishes adhesive interactions between microvilli via its
extracellular region.  Interestingly, morphological alteration of follicle cell microvilli
associates with defective deposition of the vitelline membrane, an extracellular matrix
that protects the embryo from osmotic stresses. These findings suggest that microvilli are
normally required for the even deposition of the extracellular matrix.
In order to test whether Cad99C is involved in microvilli morphogenesis and bundling in
other tissues, I analyzed the function of Cad99C in a larval tissue, the wing imaginal disc.
8Cad99C overexpression, but not Cad99C removal, is sufficient to alter microvilli
morphology and organization in the columnar epithelium of the wing imaginal disc.
Likely, other molecules can compensate for Cad99C loss of function in this tissue.
To possibly get some insights on the molecular function of other Usher syndrome
proteins, I analyzed the function of Drosophila SANS and crinkled in the follicular
epithelium, where both these genes are expressed. crinkled is the ortholog of myosinVIIa,
that encodes a motor protein of the actin cytoskeleton. DSANS is related to human SANS
and encodes a cytoplasmic protein of unknown function. It has been puzzling how
removal of SANS, a cytoplasmic protein, could impair adhesion and bundling of
stereocilia.
To study the function of DSANS, I generated null mutant flies and observed that, in the
absence of DSANS, delivery of Cad99C to microvilli is impaired. Cad99C localization is
however unperturbed in crinkled mutant follicle cells. By immunostaining, DSANS
immunoreactivity was detected diffusively in the cytoplasm and in dot-like structures,
possibly corresponding to vesicles. In conclusion, DSANS is a cytoplasmic protein that is
required for the efficient delivery of Cad99C to microvilli protrusions.
Taken together, the analysis that I here performed of Drosophila Usher syndrome related
genes indicates two novel molecular mechanisms of function for the corresponding
human Usher syndrome proteins. First, human Protocadherin 15, like Drosophila
Cad99C, could be involved in establishing adhesive interactions between microvilli
protrusions of the inner ear (stereocilia). Removal of Protocadherin 15 would then cause
splaying of stereocilia due to lack of inter-stereocilia adhesive links. Second, the analysis
here performed suggests that SANS is involved in the efficient delivery of Protocadherin
15 to stereocilia. Mutations in SANS would then lead to splaying of stereocilia and
deafness due to poor localization of Protocadherin 15 to stereocilia.
9INTRODUCTION
1. Microvilli are actin-based outward extensions of the apical plasma membrane of
epithelial cells
Cell extensions are outward protrusions of the cell plasma membrane made by many
different cell types in several vertebrate and invertebrate organisms. Cell extensions play
important roles in different cellular functions including nutrient resorption (Louvard et
al., 1992), cell-to-cell communication (Demontis, 2004; Rorth, 2003; Rustom et al.,
2004), signal transduction (Hommelgaard et al., 2004), mechanosensing (Frolenkov et al.,
2004), photosensing (Corbeil et al., 2001; Pellikka et al., 2002), cell adhesion
(Vasioukhin et al., 2000), and antigen presentation (Adams, 2004; Ross et al., 1998).
Microvilli are actin-based, outward extensions of the apical membrane of polarized
epithelial cells (Al-Awqati et al., 2003), with a defined length and thickness. Microvilli
length usually ranges from 0.2 to 1 micrometer in most epithelia and is primarily
regulated by G-actin polymerization, that occurs at the tip (Marshall, 2004). Consistently,
molecules that alter the treadmilling process, i.e. the rate of G-actin polymerization and
F-actin depolymerization, result respectively in elongation or shortening of microvilli
(Lin et al., 2005). Further, increase in microvillus length during development appears to
correlate with the cytoplasmic concentration of free G-actin (Stidwill and Burgess, 1986).
Microvilli thickness is usually around 0.1 micrometer, i.e. below the limit of resolution of
light microscopy, and it is indicative of the number of F-actin bundles that compose the
microvilli core. Several actin-bundling proteins stabilize the microvilli core by
crosslinking distinct microfilaments, therefore conferring stiffness to the structure
(Muller and Littlewood-Evans, 2001). For example, expression in tissue culture of the
actin-bundling protein villin promotes the formation and elongation of microvilli
(Friederich et al., 1989). Consistently, mutations in actin-bundling proteins result in
improper organization of the bundles of F-actin microfilaments, a condition that often
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leads to improper morphogenesis and shortening of microvilli. For example, in the mouse
mutant jerker, microvilli extensions of the hair cells (stereocilia) develop but rapidly
loose stiffness, shorten and degenerate, due to the lack of the actin cross-linking protein
espin (Zheng et al., 2000). In conclusion, actin polymerization and bundling represent the
main forces involved in microvilli morphogenesis (DeRosier and Tilney, 2000; Lin et al.,
2005; Marshall, 2004; Muller and Littlewood-Evans, 2001).
Fig.1 Microvilli are actin-based outward extensions of the apical membrane of epithelial cells.
A) Cross (up) and lateral (down) views of brush border microvilli. B) Microvilli are actin-based, outward
projections of the apical membrane of epithelial cells. Microvilli morphogenesis critically depends on the
plasma membrane associated proteins and on the actin microfilaments that constitute the microvilli core.
Images are taken from: http://faculty.ucc.edu/biology-potter/Organelles/sld006.htm and http://home.earthlink. net/~dayvdanls/
lecw4cells5.html.
More recently, however, some studies have suggested that the other major microvilli
component, the plasma membrane, with its associated transmembrane proteins, has a
relevant role in microvilli morphogenesis (D'Alterio et al., 2005; Marshall, 2004). First, it
has been proposed that the microvilli plasma membrane has an influence on the rate of
actin polymerization, generating a surface tension that hurdles G-actin polymerization
and microvilli elongation. At least in part, this effect depends on the connection between
the actin microfilaments and the plasma membrane, via linker proteins of the ERM
(Ezrin-Radixin-Moesin) family (Gautreau et al., 2000). Second, the microvilli plasma
membrane is enriched in microdomains with a high content of cholesterol and
A
B
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sphingolipids (rafts) that associate preferentially with a subset of transmembrane proteins
(Roper et al., 2000). Membrane microdomains might then be responsible for delivering to
microvilli some of the molecules that are relevant for their morphogenesis. Third, in
many cases microvilli assemble in precise arrangements by establishing adhesive
interactions with either neighboring microvilli or with the planar non-protruding
membrane of other cells (Frolenkov et al., 2004; Siemens et al., 2004; Sollner et al.,
2004). Microvilli transmembrane molecules might then be involved in regulating their
spatial arrangement.
In summary, the microvilli plasma membrane and the microvilli F-actin core both
contribute to proper morphogenesis of microvilli. It is intuitive that proper
morphogenesis and assembly of microvilli is a prerequisite for their functioning.
2. Stereocilia are microvilli-like extensions of the inner ear hair cells necessary for
mechanosensing
Microvilli protrusions are a widespread attribute of polarized epithelia. However, in
epithelia belonging to distinct organs, the morphogenetic processes that shape microvilli
are differently regulated, resulting in variations in the length, number, distribution and
arrangement of microvilli. The hair cells of the inner ear are an example of epithelial cells
in which the specialization of microvilli protrusions to adapt to a specific cell task is most
striking (Frolenkov et al., 2004; Kelley, 2003). The actin cytoskeleton of the hair cells
undergoes an extensive morphological remodeling that is exerted by a distinct subset of
stereocilia transmembrane and actin bundling proteins, in part still uncharacterized. As a
result, the hair cell microvilli are profoundly remodeled to generate stereocilia of
different lengths that are arranged in a staircase of decreasing height. Adjacent stereocilia
interconnect by tip, lateral and ankle links, resulting in the arrangement of stereocilia into
a coherent bundle (Kraemer and Yap, 2003). The grouping of stereocilia into a single unit
assures that, upon receiving a mechanical stimulus, the stereocilia of the cochlear hair
cells bend in a coordinate fashion.
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Fig. 2 Stereocilia are microvilli-like protrusions of the inner ear hair cells.
The apical surface (left) of an inner ear hair cell (right). Stereocilia are microvilli like protrusions that arise
from the apical membrane of the hair cell and are organized into a coherent bundle (left).
Images are taken from http://www.lbl.gov/lifesciences/labs/auer_lab.html and Adato et al. 2005 (see references).
Fig. 3 Coherent stereocilia bundles are necessary for proper mechanosensing (hearing).
A) Close-up scheme of the stereocilia bundle shown in Fig. 2. Stereocilia are organized into a coherent
bundle by lateral (LL, blue arrow) and tip (TL, red arrow) links that connect adjacent stereocilia. B)
Stereocilia bundling is necessary for mechanosensing (hearing). Mechanical stimuli cause a coordinated
deflection of the stereocilia that are part of the same bundle. The resulting mechanical deformation of the
plasma membrane results in opening of ion channels and generation of an ion current that is then
transmitted to the afferent neuron, resulting in perception of sounds in the central nervous system.
Image A is taken from an Internet website.
The resulting membrane stretching leads to the opening of mechanically gated ion
channels and to the generation of an ion current that, transmitted through the afferent
neuron, ultimately results in perception of sounds by the central nervous system. The
precise specialization and organization of stereocilia in the cochlear hair cells is then
TL
hearing
stereocilia
deflection
LL
sound
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necessary for the simultaneous activation of a certain number of ion channels, sufficient
to transmit a signal to the afferent neuron (Reichert, 1993). Consequently, misregulation
of the processes that lead to stereocilia specialization and bundling can result in deafness
(Petit, 2001).
3. Usher syndrome type I (congenital deafness) arises from improper arrangement
and morphogenesis of stereocilia
Several types of deafness with distinct ethiology have been so far described and can be
grouped into the two major subgroups of syndromic and non-syndromic deafness.
Non-syndromic deafness has usually an age-dependent onset and does not associate with
pathological manifestations in other tissues. Both recessive and dominant mutations have
been mapped in several genes over the past years, usually resulting in a progressive and
partial hearing loss (Kitamura et al., 2000).
Syndromic deafness is instead a sever condition where profound hearing loss is usually
congenital and associated with a pathological manifestation also in other tissues.
Usher syndrome is the most common form of syndromic deafness, affecting 1 person out
of 25,000 in the world population (Ahmed et al., 2003c; Petit, 2001). Three different
types of Usher syndrome can be diagnosed depending on the severity of the condition.
Usher syndrome type I is the most severe form and is characterized by congenital
deafness, vestibular dysfunction and progressive retinitis pigmentosa.
Morphological analysis of the apical membrane of cochlear hair cells reveals that the
morphogenesis and arrangement of stereocilia is defective in patients with Usher
syndrome type I (El-Amraoui and Petit, 2005). Strikingly, stereocilia are splayed, i.e. not
organized anymore in a coherent bundle, sometimes also shorter, fused or with other
morphological anomalies (Ahmed et al., 2001; Alagramam et al., 2001a; Bolz et al.,
2001; Di Palma et al., 2001; Kitamura et al., 1992; Verpy et al., 2000; Weil et al., 1995;
Weil et al., 2003). These findings strongly indicate that proper morphogenesis and
bundling of stereocilia are necessary for hearing.
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Fig. 4 Mutations in Usher syndrome type I genes result in lack of stereocilia bundling and hearing
loss. A) Close-up scheme of the stereocilia bundle shown in Fig. 2. Stereocilia are organized into a
coherent bundle by lateral (LL, blue arrow) and tip (TL, red arrow) links that connect adjacent stereocilia in
wild type cells. B) Mutations in Usher syndrome genes associate with loss of tip and lateral links, splaying
(i.e. lack of bundling) and morphological anomalies of stereocilia. All together, defects in stereocilia
assembly and morphogenesis result in profound and congenital hearing loss.
On the other hand, the pathological manifestations of Usher syndrome in other tissues
have received little attention (Ahmed et al., 2003b; Libby et al., 2003; Pennings et al.,
2004; Reiners et al., 2003) and a molecular analysis on the onset of retinitis pigmentosa
in the Usher syndrome mutants is still missing. Interestingly, the photosensitive pigment
rhodopsin localizes to the microvilli of photoreceptor cells that are tightly packed in a
bundle called outer segment (Pellikka et al., 2002). It is therefore tempting to speculate
that the bundling of microvilli protrusions of photoreceptor cells could be affected in
Usher syndrome patients and that this could impair the process of vision. Future
experiments in animal models of Usher syndrome type I will be necessary to test this
hypothesis.
In conclusion, Usher syndrome type I is the most severe and common form of combined
deafness and retinits pigmentosa and is characterized by improper morphogenesis and
bundling of stereocilia of the cochlear hair cells.
TL
no  hearing
   Usher
syndrome
LL
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4. Five genes are causally associated with Usher syndrome type I: hypothesis on
their function
Mutations in separate subsets of genes are responsible for the ethiology of Usher
syndrome type I, II and III. Genetic analysis of patients with Usher syndrome type I has
led to the identification of mutations in five different genes that are causally associated
with this disorder: myosin VIIa (USH1B) (Weil et al., 1995; Wolfrum et al., 1998),
harmonin (USH1C) (Verpy et al., 2000), cadherin 23 (CDH23, USH1D) (Bolz et al.,
2001; Di Palma et al., 2001), protocadherin 15 (PCDH15, USH1F) (Ahmed et al., 2001;
Alagramam et al., 2001b) and SANS (USH1G) (Weil et al., 2003). Mutation in any of
these genes is sufficient to cause congenital deafness, vestibular dysfunction and
progressive retinitis pigmentosa, indicating that Usher syndrome is a genetically
heterogeneous disorder (Keats and Savas, 2004; Petit, 2001; Reiners et al., 2006).
At the molecular level, the genes involved in Usher syndrome type I encode proteins with
distinct subcellular localizations and functions. Cadherin 23 and Protocadherin 15 are
transmembrane proteins that localize principally to stereocilia (Ahmed et al., 2003b;
Boeda et al., 2002; Siemens et al., 2002). The cytoplasmic proteins harmonin, myosin VII
and SANS have instead a broader distribution and are therefore components of both the
stereocilia and of the cell body. Both harmonin and myosin VIIa are principally
associated with the actin cytoskeleton (Boeda et al., 2002; Wolfrum et al., 1998). SANS
has been recently immunodeteced on apical vesicle-like structures (Adato et al., 2005).
The distinct subcellular localization of the Usher syndrome proteins goes in parallel with
their distinct, putative molecular functions (Angst et al., 2001; Keats and Savas, 2004;
Takeichi, 1991; Tepass, 1999).
Cadherin 23 (CDH23) and Protocadherin 15 (PCDH15) are members of the superfamily
of cadherins, transmembrane proteins that usually mediate adhesion between apposing
cellular membranes. Cadherins establish cell-to-cell adhesion by interacting with
cadherins on adjacent membranes, thus forming trans-dimers that encompass the
intercellular space. The adhesive interactions can be homophilic (i.e. with the same kind
of cadherin) or heterophilic (i.e. with a different kind of cadherin, encoded by other
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genes). Their extracellular regions contain a variable number of adhesive modules called
cadherin repeats that specify the strength and specificity of the adhesive interactions
(Shapiro et al., 1995). The cytoplasmic region often stabilizes the adhesive interactions
by binding to other molecules and to the actin cytoskeleton. In conclusion, Cadherin 23
and Protocadherin 15 are transmembrane proteins with adhesive functions.
Fig.5 Domain organization and subcellular localization of Usher syndrome proteins.
A) Five different genes have been causally associated with Usher syndrome type I and encode proteins with
different domain composition. Cadherin 23 (USH1D) and Protocadherin 15 (USH1F) are transmembrane
(TM) proteins that bear respectively 27 and 11 extracellular cadherin (EC) repeats in their extracellular
region. SANS (USH1G) is a cytoplasmic protein bearing 3 ankyrin repeats and a SAM domain, putatively
involved in protein-protein interactions. Myosin VIIa is a cytoplasmic protein that is an unconventional
member of the family of myosins. Harmonin is a cytoplasmic, PDZ-domain containing protein involved in
bundling F-actin microfilaments. B) Usher syndrome proteins physically interact and form a
multimolecular complex (up). Subcellular distribution of Usher syndrome proteins (down). Cadherin 23
and Protocadherin 15 localize to the plasma membrane of stereocilia. The cytoplasmic protein Harmonin
associates with the actin-based stereocilia core. The cytoplasmic proteins myosinVIIa and SANS are
detected all over the cell cytoplasm, with a partial enrichment beneath the apical membrane.
Images are taken from : Adato et al. 2005 and El-Amraoui and Petit 2006 (see references).
At the subcellular level, both Cadherin 23 and Protocadherin 15 localize principally to
stereocilia of hair cells. In particular, Protocadherin 15 is detected along the entire length
of stereocilia while Cadherin 23 is enriched at their tip (Ahmed et al., 2003b; Boeda et
al., 2002). The specific localization to stereocilia, the putative adhesive function and the
observation that mutations in both of these genes lead to misorganization of the
A                                                          B
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stereocilia bundles, all lead to the hypothesis that Cadherin 23 and Protocadherin 15
could be involved in organizing stereocilia into coherent bundles. In particular, the
specific localization of Cadherin 23 at the tip, suggests that this molecule could be
involved in the formation of the tip links that anchor the tip of a stereocilium to the
neighboring one (Kraemer and Yap, 2003). Recent studies have indeed provided
evidence that Cadherin 23 has adhesive properties and that it is part of the stereocilia tip
link (Siemens et al., 2004; Sollner et al., 2004).
Similar to Cadherin 23, Protocadherin 15 localizes to stereocilia, but along their entire
length. As previously mentioned, lateral links contribute, together with tip and ankle
links, to interconnect neighboring stereocilia. The fact that Protocadherin 15 is a putative
cell adhesion molecule and that its loss of function causally associates with stereocilia
disorganization, has led to the hypothesis that Protocadherin 15 could be specifically
required for the formation of the lateral links (Ahmed et al., 2003b). However this
hypothesis has not been tested yet in vertebrate models of Usher syndrome.
In conclusion, Cadherin 23 and Protocadherin 15 could be involved in establishing lateral
and tip links that organize the stereocilia of the same cell into a single, coherent unit.
Different from Cadherin 23 and Protocadherin 15, Harmonin is a cytoplasmic protein that
contains 3 PDZ (PSD-95/discs-large/ZO-1) domains. Interestingly, harmonin colocalizes
with the actin cytoskeleton and has been shown to bundle F-actin microfilaments in vitro
(Boeda et al., 2002). At the subcellular level, Harmonin localizes to the cytoplasm and to
the stereocilia, where it could be involved in actin bundling. Loss of function of harmonin
leads to defects in stereocilia organization (Verpy et al., 2000). Defects in stereocilia
morphogenesis and assembly could then possibly result from an improper cross-linking
of the F-actin microfilaments composing the stereocilia core. Interestingly, it has been
shown that harmonin physically interacts with the cytoplasmic region of Cadherin 23 and
Protocadherin 15 (Adato et al., 2005), suggesting that harmonin could also regulate the
adhesive properties of these cadherins, for example by modulating their anchorage to the
actin cytoskeleton.
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Myosin VIIa is an unconventional member of the superfamily of myosins (Friedman et
al., 1999). Myosins are motor proteins responsible for the transport, along the actin
cytoskeleton, of molecules and vesicles. Myosin VIIa is a motor protein directed toward
the pointed, (+) end of the actin microfilaments, it has a widespread subcellular
distribution and localizes to both the cytoplasm and the stereocilia (Wolfrum, 2003;
Wolfrum et al., 1998). Consistent with its function as a motor protein, it has been
proposed that myosinVIIa could be involved in the proper delivery of stereocilia
components (El-Amraoui and Petit, 2005; Weil et al., 1995). On the other hand, myosin
VIIa physically interacts with harmonin and therefore could be part of a multimolecular
complex that comprises also Cadherin 23 or Protocadherin 15 (Adato et al., 2005).
Participation of myosin VIIa to this complex could be relevant to modulate the activity of
the other components.
So far, SANS is the least characterized protein encoded by Usher syndrome genes. SANS
is a cytoplasmic protein that contains 3 ankyrin repeats at the N-terminus and a SAM
domain in the C-terminal region (Kikkawa et al., 2003; Weil et al., 2003). These domains
are involved in protein-protein interactions and suggest that SANS could act as a
scaffolding protein. Interestingly, also SANS interact with harmonin and could thus
regulate the function of the Usher syndrome proteins that are part of the same molecular
complex (Adato et al., 2005). Recently, SANS has been immunodetected on intracellular
structures, resembling vesicles, in part localizing beneath the apical plasma membrane of
hair cells (Adato et al., 2005). These observations suggested that SANS could be
involved in proper delivery of the molecular components of stereocilia (El-Amraoui and
Petit, 2005), similar to what has been proposed for myosin VIIa.  However, these
hypothesis have not been tested so far in any animal model of the disease.
Apart the five genes here described, two other genomic loci (USH1A and USH1E) are
also associated with Usher syndrome type I but the corresponding genes have not been
cloned so far.
In conclusion, Usher syndrome is a heterogeneous disease at the genetic and molecular
level. Null mutations in cadherin 23, protocadherin 15, harmonin, myosin VIIa or SANS
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alter stereocilia organization and function. Interestingly, the encoded proteins have
distinct subcellular localizations and putative functions, suggesting that alteration of
stereocilia morphogenesis and bundling can be perturbed at several levels (Keats and
Savas, 2004; Petit, 2001).
Even though the molecular function of the Usher syndrome proteins is not well
understood, it has been suggested that they could regulate adhesive interactions between
stereocilia (Cadherin 23 and Protocadherin 15), actin bundling (harmonin), transport of
stereocilia components (myosin VIIa and SANS) or recruit other regulatory proteins
(SANS) (El-Amraoui and Petit, 2005). Interestingly, Usher syndrome proteins form a
multimolecular complex, suggesting that each component could modulate the function of
the other Usher syndrome proteins by physical interaction (Adato et al., 2005).
5. Drosophila melanogaster is a useful system to model human pathologies
Functional analysis of Usher syndrome proteins cannot be performed in human patients.
Cell culture systems, even though useful, are limited by the fact that they only partially
correspond to the cochlear tissue, characterized by a high degree of specialization and
complexity (Loomis et al., 2003). Animal models are therefore useful in underpinning the
function of Usher syndrome proteins.
Murine models are available for all Usher syndrome genes and, interestingly, display
congenital deafness and vestibular dysfunction (Alagramam et al., 2001a; Alagramam et
al., 2000; Kikkawa et al., 2003; Libby et al., 2003). However they do not display
progressive retinitis pigmentosa, suggesting that some aspects of the disease cannot be
recapitulated in the animal models, probably due to differences in the environmental
contribution involved in the process of retinal degeneration (Ahmed et al., 2003a; Libby
et al., 2003). Recently, model systems to study Usher syndrome have been developed in
lower vertebrates, in particular in zebrafish (Danio rerio). Zebrafish mutants for cadherin
23 and protocadherin 15 interestingly display defects in mechanosensing  and vestibular
dysfunction, suggesting that also more distantly related organisms can be valuable in
modeling the disease (Ernest et al., 2000; Seiler et al., 2005; Siemens et al., 2004; Sollner
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et al., 2004). The murine and the zebrafish models have been useful to dissect the
ethiology of Usher syndrome. However, these studies would benefit if mutants of Usher
syndrome genes would be available in invertebrate organisms, like Drosophila
melanogaster (Todi et al., 2005), where more tools to study gene function are available.
The common fruit fly (Drosophila melanogaster) is a prominent model organism that
offers several advantages. First, its life cycle is completed in around 12 days, therefore it
is possible to obtain flies with the desired genotype in a rather short time (Greenspan,
1997). Second, the progeny is numerous, allowing to retrieve even rare genotypes. Third,
over the last century, researchers have developed techniques and have accumulated a
huge collection of tools for gene study (transgenic and mutant flies, antibodies, etc.).
Fourth, it is possible to perform, in a relatively easy way, gain of function and loss of
function experiments.
Fig.6 The Drosophila life cycle and the UAS/GAL4 system.
A) The life cycle of Drosophila melanogaster is quite short - only about 12 days in a room-temperature
environment (approximately 25 °C). Cold temperatures slow the cycle down. Its life cycle includes the
following stages: egg, larva, pupa and adult. B) The UAS/GAL4 system is a versatile system for targeted
gene expression in Drosophila melanogaster. The GAL4 gene, encoding a transcriptional activator from
yeast, is introduced into the Drosophila genome so that its expression is driven by a specific enhancer.
Drosophila lines expressing the GAL4 protein in specific cells and tissues are crossed to lines carrying a
target gene of interest, subcloned downstream from five GAL4-binding sites (UAS). The target gene is
expressed in the progeny of such a cross only in those cells and tissues where GAL4 is present.
Images are taken from: http://www.neosci.com/demos/10-1201_AP%20Lab%207/Presentation_2.html and MPI-CBG Predoc course
manual.
Gain of function (overexpression) experiments are routinely done employing the
UAS/GAL4 system. In this case, flies carrying a transgene to express the GAL4 protein
under the control of a specific promoter, are mated with flies bearing another transgene,
composed by multiple UAS enhancer sequences, followed by the gene of interest. In the
A                                               B
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progeny, where both transgenes are present, the GAL4 proteins will be produced with a
precise timing and only in the subset of cells where the promoter is active. In these cells,
the GAL4 protein will bind to the UAS sequences present in the other transgene,
therefore promoting its transcription in a space and time specific manner (Brand and
Perrimon, 1993).
Loss of function experiments can be also performed employing the UAS-GAL4 system to
express double-stranded RNA in a subset of cell, thus leading to RNA interference and
partial loss of function. Alternatively, mutations can be induced by chemical mutagenesis
and gene replacement can be obtained by homologous recombination (Greenspan, 1997;
Roberts, 1998).
Another method to generate loss of function alleles creates genomic deletions in the gene
of interest by expressing a transposase, an enzyme that promotes the excision of a
transposon integrated close by the gene of interest. In most cases, the excision of the
transposon is precise and therefore does not create any deletion in the gene. However, in
a minority of cases the excision is imprecise and results in deletions of different lengths
that might remove a part of the open reading frame of interest, thus resulting in a mutant
allele (Roberts, 1998). The genetic techniques for the analysis of gain or loss of function,
together with the cell and molecular biology techniques now available, indicate that
Drosophila is an amenable system to investigate gene function.
A further advantage is that the Drosophila genome has been completely sequenced and
annotated. Interestingly, the genome sequencing has revealed that many orthologs of
human genes are encoded in Drosophila (Rubin et al., 2000). Some of these are related to
human genes involved in the pathogenesis of several diseases (Kornberg and Krasnow,
2000). Over the last few years these genes have been systematically mutated, in an
attempt to generate Drosophila models for most of the common human diseases,
including diabetes, cancer, neurodegenerative disorders, retinitis pigmentosa and
inflammation (Bier and Bodmer, 2004; Carrell and Corral, 2004; Dolen and Bear, 2005;
Jacobs et al., 2004; Kango-Singh and Halder, 2004; Michno et al., 2005; Saitoe et al.,
2005; Sang and Jackson, 2005). In several cases, the analysis of the Drosophila homologs
has provided insights into the molecular mechanisms of pathogenesis of the
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corresponding human disease. Now that fly models for the most common human diseases
are at least in part available, there is a raising interest to generate fly models for more rare
human conditions of genetic origin, like Usher syndrome.
6. The follicular epithelium can be used to study microvilli morphogenesis
Microvilli are a common feature of several Drosophila epithelia, including the embryonic
hindgut, the columnar epithelia of the larval imaginal discs, the adult photoreceptor cells
and the follicular epithelium that surrounds the oocyte.
The larval imaginal discs are sac-like structures composed of a columnar, polarized
epithelium that faces and is interconnected to a squamous epithelium. The apical surfaces
of both the columnar and the squamous epithelium face each other and are in contact with
a luminal space, that separates the two epithelia (Cohen, 1993). It was observed that
microvilli protrusions are present on the apical membrane of the columnar epithelium,
suggesting that this tissue could be used to study the morphogenesis of microvilli and the
function of Usher syndrome related proteins in this process. However, bundling of
microvilli in this tissue has not been reported, indicating that this process cannot probably
be modeled in the imaginal discs.
 
Fig. 7
Fig.7 Overview of oogenesis and of microvilli of follicle cells.
A) Drawing of a wild type ovariole, with somatic cells in yellow and germ cells in blue. The number below
each egg chamber denotes the stage of oogenesis. Abbreviations: nc (nurse cells), oo (oocyte), fc (follicle
cells). B) Close-up view of a stage 10 egg chamber. The apical membrane of follicle cells (orange) faces
the oocyte (dark grey) and is decorated with microvilli (red bars).
Images are taken from : Horne-Badovinac and Bilder 2005 and D'Alterio et al. 2005 (see references).
The follicular epithelium is a somatic tissue that surrounds, during the process of
oogenesis, the cells of the germ line, i.e. the nurse cells and the oocyte. The apical
Stage 10St. 1-3  4  6       8             10
A                                                                       B
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membrane of the follicle cells does not face a lumen, as it happens in most epithelia, but
rather the membrane of the oocyte and of the nurse cells. The process of oogenesis can be
divided into 14 stages, during which the follicle cells dynamically change their
interactions with the germ line cells and remodel their apical membrane (Horne-
Badovinac and Bilder, 2005). In particular, at stage 7, follicle cells migrate to the
posterior pole, where the oocyte resides, and polarize into a columnar epithelium. In this
process, that lasts from stage 7 to stage 10, microvilli appear on the apical surface of
follicle cells and undergo a progressive elongation that terminates at stage 10b, when
microvilli have the maximum length of around 1 micrometer (D'Alterio et al., 2005;
Mahowald, 1972; Schlichting et al., 2006). Interestingly, microvilli of the follicle cells
are sometimes organized into bundles suggesting that they have, at least partially, an
arrangement similar to that of the stereocilia of the human cochlea (Schlichting et al.,
2006). During these stages, the follicle cells also produce the vitelline membrane, an
extracellular matrix that is deposited in the inter-microvilli space (Brennan et al., 1982;
Pascucci et al., 1996). Subsequently, at stage 11, microvilli shorten, the secretion of the
vitelline membrane is completed and seals the follicular epithelium from the overlaying
oocyte.
The presence of long microvilli, in some cases arranged in bundles, suggests that the
microvilli of the follicular epithelium might be used as a model tissue to delineate the
function of human Usher syndrome related proteins in regulating the assembly and
morphogenesis of microvilli protrusions.
The possibility to model Usher syndrome and microvilli morphogenesis in the follicular
epithelium and in the other Drosophila tissues is appealing. However, a fundamental
difference with the vertebrate models of the disease is that the microvilli of these tissues
do not have an auditory function.
The chordotonal organ is the organ that in Drosophila is responsible for the auditory
function. Interestingly, similar signal transduction pathways control the differentiation of
the human cochlear tissue and of the fruit fly chordotonal organ (Eberl, 1999; Eberl et al.,
2000). Further, Drosophila homologs of some genes mutated in human deafness are
required for its proper function (Todi et al., 2005).
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However, the mechanisms of mechanosensing in the chordotonal organ are quite different
from those of the human ear and microvilli protrusions, corresponding to stereocilia, are
absent in the chordotonal organ. Taken together these findings suggest that, while
evolutionary related, the auditory organs of human and fly function differently.
Therefore, the chordotonal organ does not appear to be the system of choice to study the
cellular and molecular mechanisms responsible for stereocilia morphology and
underlying Usher syndrome.  Other epithelia, including the follicular epithelium, even
though not involved in the process of hearing, are more suitable to model Usher
syndrome type I, as characterized by prominent microvilli that undergo dynamic changes.
7. Aim of the thesis: what is the molecular function of Usher syndrome proteins?
The aim of my doctoral work was to investigate whether Drosophila melanogaster could
be an appropriate system to study microvilli morphogenesis and to understand the role
that Usher syndrome related proteins play in this process. The identification of a tissue in
Drosophila where Usher syndrome related proteins are necessary for the morphogenesis
and arrangement of microvilli is a prerequisite to dissect the molecular mechanisms
underlying the human disease, possibly suggesting a therapeutic intervention.
The Drosophila genome encodes proteins related to all the Usher syndrome proteins.
Among them, I have decided to investigate in some detail Cad99C, crinkled and DSANS,
respectively homologous to human Protocadherin 15 (USH1F, PCDH15), myosin VIIa
(USH1B) and SANS (USH1G). In the first part of my doctoral studies, I have
investigated the function of Cad99C (§1 and §2), in collaboration with Karin Schlichting
(part of light microscopy results in §1) and Michaela Wilsch-Bräuninger (electron
microscopy results in §1 and §2). In the second half of my studies, I have independently
analyzed the function of crinkled and DSANS (§3).
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RESULTS
§1. Cadherin Cad99C, the Drosophila ortholog of human Usher
syndrome (USH1F) Protocadherin 15, is required for normal microvilli
morphology in Drosophila follicle cells
§2. Modulation of microvilli-like protrusions of the wing imaginal disc
by cadherin Cad99C, the Drosophila ortholog of human Usher
syndrome (USH1F) Protocadherin 15.
§3. DSANS, the Drosophila ortholog of human Usher syndrome
(USH1G) SANS, is required for the efficient delivery of Cad99C to
microvilli of follicle cells.
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§1. Cadherin Cad99C, the Drosophila ortholog of human Usher
syndrome (USH1F) Protocadherin 15, is required for normal microvilli
morphology in Drosophila follicle cells
Acknowledgements: I performed this project in collaboration with Karin Schlichting,
Michaela Wilsch-Bräuninger and Christian Dahmann.
To this project, I contributed:
Fig.1   (contributed initial observations)
Fig.3   C, C’, D, D’, E, E’, E”, F, F’
Fig.6   C, D, E, F (UAS-Cad99C-GFP flies)
Fig.7   A, B, D, E (UAS-Cad99C-INTRA-HA and UAS-Cad99C-EXTRA-HA flies)
Fig.8   A, B, C
Reference:
Schlichting K*, Wilsch-Brauninger M*, Demontis F*, Dahmann C.
 Cadherin Cad99C is required for normal microvilli morphology in Drosophila
follicle cells. J Cell Sci. 2006 Mar 15;119(Pt 6):1184-95.
(* equal contributions)
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§1.1 Summary
Drosophila cadherin Cad99C is a member of the cadherin superfamily of cell adhesion
molecules. We previously generated Cad99C mutant flies and observed that mutant
females are sterile, suggesting that the process of oogenesis is partially impaired. I
therefore decided to analyze the function of Cad99C during oogenesis. Immunostaining
with an anti-Cad99C antiserum indicated that Cad99C is expressed in the follicular
epithelium, a somatic tissue that encircles the oocyte. Analysis at high magnification
revealed that Cad99C localizes to apical stripe-like structures in-between the membranes
of the oocyte and of the follicle cells. These stripe-like structures were also stained by
phalloidin, a common marker for F-actin and microvilli, therefore suggesting that
Cad99C localizes to microvilli. To further test this hypothesis we performed immuno-
electron microscopy with the anti-Cad99C antiserum. 97% of the gold particles localized
to microvilli of follicle cells, indicating that Cad99C specifically localizes to microvilli.
To test whether Cad99C was required for morphogenesis of follicle cell microvilli,
Cad99C mutant egg chambers were analyzed. Interestingly, microvilli appeared to be
shorten or misorganized in the mutant. In electron microscopy, microvilli were frequently
observed close to the apical membrane, suggesting that microvilli could be misoriented.
To possibly get some insights on the molecular function of Cad99C, Cad99C-GFP was
overexpressed in the follicular epithelium. As a result, microvilli bundles were enlarged.
Similar to the full-length protein, overexpression of the Cad99C truncated form lacking
the intracellular region was sufficient to generate large microvilli bundles, suggesting that
the extracellular region of Cad99C can be involved in the organization of microvilli into
bundles, possibly by establishing adhesive interactions. Interestingly, eggs laid by
Cad99C mutant flies have an uneven deposition of the vitelline membrane, an
extracellular matrix that protects the egg from osmotic stresses. Consequently, the eggs
often desiccate, providing an explanation of the sterility of the female mutant flies.
In conclusion, similar to its human ortholog Protocadherin 15, Drosophila Cad99C
localizes to microvilli extensions. Second, Cad99C is required for the proper
morphogenesis of microvilli. Third, overexpression of the full-length Cad99C or of a
deleted version, devoid of the cytoplasmic region, promotes microvilli bundling. This
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latter finding suggests that Cad99C establishes adhesive interactions between microvilli
via its extracellular region, similar to what has been hypothesized for the function of
human Protocadherin 15.  Fourth, morphological alteration of follicle cell microvilli
results in defective deposition of the extracellular matrix (vitelline membrane) and,
ultimately, sterility of female flies.
The observation that Cad99C and Protocadherin 15 have an evolutionary conserved role,
suggests that the follicular epithelium can be used to study the function of other Usher
syndrome related proteins.
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§1.2 Cad99C is required for the integrity of the egg shell
We previously generated flies null mutant for Cad99C by imprecise P-element excision
and observed that, whereas adult homozygous mutant Cad99C flies are viable, female
mutant flies are sterile (Schlichting et al., 2005), suggesting that Cad99C is required
during oogenesis. In contrast with wild-type flies, or heterozygous mutant Cad99C flies,
flies homozygous for any of the four Cad99C mutant alleles laid eggs that spontaneously
collapsed after deposition and that did not develop into larvae (data not shown). A similar
phenotype has been reported for mutants with defective vitelline membranes (e.g. Savant
and Waring, 1989). To test whether the vitelline membrane was affected in eggs laid by
Cad99C mutant flies, we assessed the permeability of the eggs to the vital dye Neutral
Red. Eggs in which the outer chorion layer has been experimentally removed are
normally impermeable to small molecules such as Neutral Red, apparently due to the
lipid wax layer covering the vitelline membrane (Margaritis et al., 1980; Papassideri et
al., 1993).
Fig. 1 Eggs laid by Cad99C mutant flies are permeable to the dye Neutral Red.
(A-E) Eggs derived from (A) heterozygous Cad99C57A/+ or (B-E) homozygous mutant Cad99C57A/57A
flies were dechorionated and incubated in the dye Neutral Red. Eggs derived from homozygous mutant
flies showed a range of Neutral Red stainings from (B) undetectable to (C) uniform weak, (D) partially
strong and (E) uniformly strong. (F) Quantification of the percentage of eggs with no, weak, partial and
strong Neutral Red staining. The genotypes of the flies from which the eggs were derived are indicated.
GE21034 is the parental fly line used to generate the Cad99C57A and Cad99C248A mutants. At least 750
eggs per genotype were analyzed.
Defects in the vitelline membrane are thought to disrupt this lipid wax layer, thereby
leading indirectly to the permeability of the eggs to Neutral Red. Fewer than 3% of eggs
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laid by control heterozygous Cad99C mutant flies took up Neutral Red (Fig. 1A,F). By
contrast, more than 75% of eggs laid by homozygous mutant Cad99C flies took up
Neutral Red (Fig. 1B-F). A similar phenotype was obtained with trans-heterozygous
Cad99C allelic combinations inter se (Fig. 1F), indicating that the altered permeability to
Neutral Red is due to the lesion in Cad99C.
§1.3 Cad99C is required for formation of the vitelline membrane
To test whether the altered permeability to Neutral Red correlates with defects in the
vitelline membrane, we fluorescently stained ultrathin longitudinal sections of stage-13
egg chambers with antibodies against the vitelline membrane proteins sV17 and sV23.
Control egg chambers displayed a continuous line of sV17 and sV23 staining (Fig. 2A,
and data not shown). By contrast, the sV17 and sV23 stainings were disrupted in
Cad99C57A/57A mutant egg chambers (Fig. 2B, and data not shown), suggesting that
Cad99C is required for the formation of a continuous vitelline membrane. Stainings for
the chorion proteins S18 and S36 showed continuous lines, indicating that the chorion
was normal in Cad99C57A/57A mutant egg chambers (data not shown). To study the
vitelline membrane defects further, we analyzed the vitelline membrane of egg chambers
by electron microscopy.
Fig. 2 The vitelline membrane of Cad99C mutant eggshells is unevenly deposited and displays holes.
(A,B) Ultrathin sections of stage-13 egg chambers of (A) heterozygous Cad99C57A/+ or (B) homozygous
mutant Cad99C57A/57A flies stained for the vitelline membrane protein sV17. Control egg chambers
display a continuous line of sV17 staining, whereas mutant egg chambers display sites where the sV17
staining is not detected (asterisk). (C,D) Electron micrographs of sections through stage-11 egg chambers
of (C) heterozygous Cad99C57A/+ or (D) homozygous mutant Cad99C57A/57A flies. The vitelline
membrane (Vm) is unevenly deposited in the mutant egg chambers and is not detected at some sites
(asterisks). Oo, oocyte; Fc, follicle cells. Bars, 2 µm (C,D).
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Wild-type egg chambers had a continuous vitelline membrane of even thickness (Fig.
2C). By contrast, the vitelline membrane of egg chambers from Cad99C57A/57A (Fig.
2D), Cad99C51C/51C and Cad99C57A/51C mutants (data not shown) were of uneven
thickness and occasionally displayed holes. The holes in the vitelline membrane could
explain the abnormal permeability of mutant eggs to the dye Neutral Red and the collapse
of embryos through desiccation. Therefore, we conclude that Cad99C is required for the
assembly of a proper vitelline membrane and is important for the production of normal
eggs.
§1.4 Cad99C is expressed in follicle cells surrounding the oocyte
To begin to understand how Cad99C might contribute to the formation of a proper
vitelline membrane, I first determined in which cells of the ovary Cad99C RNA and
protein were present. RNA in situ hybridization using a Cad99C-specific antisense RNA
probe was performed on wild-type ovaries. Little hybridization signal was detected in the
germarium and stage-2 and stage-3 egg chambers (Fig. 3A). During stages 4-8, a
hybridization signal was present in the follicle cells located at the anterior and posterior
poles of the egg chamber. During stages 9-14, a hybridization signal was detected in
follicle cells surrounding the oocyte (Fig. 3A,B, and data not shown). No signal above
background was detected in nurse cells or the stretched follicle cells surrounding the
nurse cells, and only background signal was detected from a control sense Cad99C RNA
probe (data not shown).
To determine the distribution of Cad99C protein in wild-type ovaries, I used an anti-
Cad99C antiserum. Little immunoreactivity was detected in the germarium and stage-2
and stage-3 egg chambers (Fig. 3C,C'). During stages 4-8, the anti-Cad99C antiserum
stained the border between the follicle cells and the oocyte at the anterior and posterior
poles of the egg chamber (Fig. 3C,C'). During stages 9-14, the anti-Cad99C antiserum
immunoreacted with structures at the entire border between the oocyte and the follicle
cells (Fig. 3D,D'). Analysis at higher magnification (Fig. 3E-E”) revealed that Cad99C
32
positive structures have a stripe-like morphology (arrow). Follicle cells covering the
nurse cells, or the nurse cells themselves, were not stained.
Fig. 3. Cad99C is expressed in follicle cells surrounding the oocyte and is immunodetected on stripe-
like structures.
(A,B) Wild-type ovaries hybridized with a Cad99C-specific RNA probe. (C-F') Ovaries of (C-E”)
heterozygous Cad99C57A/+ or (F,F') homozygous mutant Cad99C57A/57A flies stained with an anti-
Cad99C antiserum (green) and Rhodamine-Phalloidin (red). In (C,D,E,F) only the Cad99C staining is
shown. E’-E’’ are blow-up images of D. Bars, 20 µm (C); 50 µm (D-E). St., stage.
Little immunoreactivity was detected in homozygous mutant Cad99C57A/57A egg
chambers (Fig. 3F,F'). The detection of Cad99C protein at the border between the oocyte
and the follicle cells, along with the detection of Cad99C RNA only in follicle cells,
indicates that Cad99C protein is most probably present only in the follicle cells but not in
the oocyte. Thus, both Cad99C RNA and protein are present at the proper time and place
for Cad99C to play a role in deposition of the vitelline membrane.
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§1.5 Cad99C localizes to microvilli of follicle cells
The images shown in Fig. 3 indicate that Cad99C protein localizes to the border between
the oocyte and surrounding follicle cells. To determine more precisely the subcellular
localization of Cad99C, stage-10 egg chambers were stained with a marker for the zonula
adherens, DE-cadherin, and Cad99C. Cad99C immunoreactivity was found apical to DE-
cadherin (Fig. 4A-C), indicating that, unlike DE-cadherin, Cad99C does not localize to
the zonula adherens, but rather to the apical plasma membrane. To test whether Cad99C
protein localizes to the apical plasma membrane of follicle cells, the follicle-cell-specific
Gal4 line CY2 was used in conjunction with UAS-mCD8-GFP to express CD8-GFP, a
transmembrane protein routinely used to mark plasma membranes, in follicle cells.
Fig. 4 Cad99C protein localizes to microvilli of follicle cells.
(A-C) Follicle cells of a stage-10 wild-type egg chamber stained for (A) DE-cadherin and (C) Cad99C. (B)
Merge of (A) and (C). DE-cadherin is shown in green and Cad99C in red. Apical is to the top. (D-F)
Follicle cells of a stage-10 egg chamber expressing the membrane marker CD8-GFP (CY2, UAS-CD8-
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GFP) stained for (D) GFP and (F) Cad99C. (E) Merge of (D) and (F). Cad99C colocalizes with CD8-GFP
to apical protrusions. Apical is to the top. (G,H) Electron micrographs of anti-Cad99C immunogold-labeled
sections of stage-10 egg chambers of (G) heterozygous Cad99C57A/+ or (H) homozygous mutant
Cad99C57A/57A flies. Insets show higher magnification views. 10 nm immunogold particles are detected
on microvilli of heterozygous Cad99C57A/+ follicle cells, but not homozygous mutant Cad99C57A/57A
follicle cells. Note that, in homozygous mutant Cad99C57A/57A flies, microvilli (arrowheads) are observed
more frequently between the vitelline bodies and the planar follicle cell surface compared with control
flies. Oo, oocyte; Fc, follicle cells; Yg, Yolk granule; Vb, Vitelline body. Bars, 5 µm (A-F); 500 nm (G,H).
CD8-GFP labeled the basolateral plasma membrane as well as the apical plasma
membrane. On the apical surface of follicle cells, CD8-GFP labeled protrusions that
presumably represent single microvilli, or bundles containing a few microvilli (Fig. 4D).
Cad99C colocalized with the apical protrusions labeled with CD8-GFP (Fig. 4E,F),
consistent with the notion that Cad99C localizes to microvilli.
To test whether Cad99C localizes to microvilli at the ultrastructural level, immunogold
electron microscopy using an anti-Cad99C antiserum was performed on control and
Cad99C57A/57A egg chambers. Very little immunoreactivity was detected on the apical
plasma membrane of Cad99C57A/57A mutant egg chambers (Fig. 4H). By contrast,
immunoreactivity for Cad99C was observed in control Cad99C57A/+ stage-9 to stage-14
egg chambers on microvilli of follicle cells (Fig. 4G, and data not shown). At stage 10, I
detected 97% of the immunogold particles on the apical plasma membrane of microvilli,
whereas 3% were detected on the apical plasma membrane outside microvilli (n=70),
indicating that Cad99C is highly enriched on the microvilli of follicle cells. Cad99C was
not detected on the oocyte microvilli (Fig. 4G). Thus, Cad99C specifically localizes to
microvilli of follicle cells.
 
§1.6 Cad99C is required for normal microvilli morphology
The presence of Cad99C on follicle cell microvilli suggested that Cad99C might play a
role in microvilli morphogenesis. To test this, we used three approaches. First, we
expressed CD8-GFP as a marker for microvilli in follicle cells of control and Cad99C
mutant flies and analyzed the morphology of CD8-GFP-labeled protrusions. In confocal
microscope sections of control follicle cells, regularly spaced CD8-GFP-labeled
protrusions of similar apparent length were detected (Fig. 5A). A few follicle cells of
Cad99C57A/51C or Cad99C57A/120B mutant flies displayed some CD8-GFP-labeled
35
protrusions of similar apparent length as control follicle cells, but no regularly spaced
assembly of similar length protrusions was detected (Fig. 5B,C). Most Cad99C mutant
follicle cells had CD8-GFP-labeled protrusions that appeared very short in confocal
sections (Fig. 5B,C). Apart from the abnormal microvilli, the overall morphology of the
mutant follicle cells was not overtly altered.
Microvilli contain bundles of actin filaments at their core and can be detected by
Phalloidin staining (e.g. Jimenez et al., 2002). Thus, as a second approach, we generated
marked clones of follicle cells homozygous mutant for Cad99C57A/57A using the FRT-
FLP system and analyzed the microvilli by Phalloidin staining. Regular-spaced stripes of
Phalloidin staining between the follicle cells and the oocyte, presumably representing
microvilli (see also Fig. 3E-E’’), were present in the region of control Cad99C57A/+
follicle cells (Fig. 5D-F). In contrast, no regular-spaced stripes of Phalloidin staining
were detected in between the oocyte and homozygous mutant Cad99C57A/57A follicle
cells (Fig. 5D-F).
Fig. 5 Follicle cell microvilli are abnormal in Cad99C mutants.
(A-C) Follicle cells of stage-10 (A) heterozygous Cad99C51C/+, (B) mutant Cad99C57A/51C, or (C)
mutant Cad99C57A/120B egg chambers expressing CD8-GFP (CY2, UAS-CD8-GFP) stained for GFP.
Cad99C mutant flies have abnormal CD8-GFP-labeled protrusions compared with control flies. Apical is to
the top. (D-F) Clones of homozygous mutant Cad99C57A/57A follicle cells of stage-10 egg chambers
stained with Rhodamine-Phalloidin marked by the absence of Cad99C. Cad99C staining is shown in (D)
and Rhodamine-Phalloidin staining in (F). (E) Merge of (D) and (F). Phalloidin staining detects microvilli
in between control follicle cells and the oocyte (arrowhead), but not between mutant follicle cells and the
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oocyte (arrow). Note that the distance between the oocyte and the Cad99C57A/57A follicle cells is
increased. Oo, oocyte; Fc, Follicle cells. Bars, 5 µm (A-D).
 
Finally, the morphology of follicle cell microvilli from control Cad99C57A/+ and
Cad99C57A/57A mutant stage-10 egg chambers was compared at the ultrastructural level
by electron microscopy. In the control, follicle cell microvilli were predominantly
oriented towards the oocyte and were separated from one another by vitelline bodies (Fig.
4G). In contrast, microvilli of Cad99C57A/57A mutant follicle cells were mainly oriented
towards neighboring follicle cells and were often observed in the space between the
vitelline bodies and the apical follicle cell surface (Fig. 4H). Taken together, these data
indicate that Cad99C is required for the normal morphology and organization of follicle
cell microvilli.
§1.7 Overexpression of Cad99C results in abnormal bundles of microvilli and
defects in the vitelline membrane
As loss of function of Cad99C resulted in abnormal follicle cell microvilli, we next tested
whether overexpression of Cad99C might also alter microvilli morphology. To this end,
we co-expressed a HA-tagged version of Cad99C with CD8-GFP in follicle cells using
the Gal4 line CY2. Compared with control follicle cells expressing only CD8-GFP, the
follicle cells co-expressing Cad99C-HA and CD8-GFP had more prominent CD8-GFP-
labeled protrusions that formed roof-like structures (Fig. 6A,B). Similar results were
obtained by co-expressing Cad99C-HA and CD8-GFP in clones of follicle cells using the
Act5C>GAL4 driver line (data not shown).
To examine the microvilli in Cad99C-overexpressing cells at an ultrastructural level, I
produced a GFP-tagged version of Cad99C. We then analyzed clones of follicle cells
expressing Cad99C-GFP under the control of the Act5C>GAL4 driver line by
immunoelectron microscopy using an anti-Cad99C antiserum. Electron micrographs of
Cad99C-GFP-expressing follicle cells showed large bundles of Cad99C-labeled, parallel,
sectioned microvilli between the vitelline bodies that were not observed in electron
micrographs of control follicle cells (Fig. 6C,D). In addition, sectioned Cad99C-labeled
microvilli were detected close, and aligned parallel, to the surface of the oocyte (Fig. 6D).
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Fig. 6 Overexpression of Cad99C leads to large bundles of microvilli and vitelline membrane defects.
(A,B) Follicle cells of stage-10 egg chambers expressing (A) CD8-GFP (CY2, UAS-CD8-GFP) or (B)
CD8-GFP and Cad99C-HA (CY2, UAS-CD8-GFP, UAS-Cad99C-HA) stained for GFP. The CD8-GFP-
labeled protrusions in follicle cells expressing Cad99C-HA form roof-like structures (asterisk). Apical is to
the top. (C,D) Electron micrographs of anti-Cad99C immunogold-labeled sections of stage-10 (C) control
egg chambers and (D) egg chambers expressing Cad99C-GFP (Act5C>GAL4, UAS-Cad99C-GFP) in
clones of follicle cells. Overexpression of Cad99C-GFP results in large Cad99C-labeled bundles of follicle
cell microvilli located in between vitelline bodies (Vb). Cad99C-labeled microvilli that are parallel and
close to the oocyte surface are marked by an asterisk. (E,F) Electron micrographs of anti-sV17 10 nm
immunogold-labeled sections of stage-12 (E) control egg chambers and (F) egg chambers expressing
Cad99C-GFP (Act5C>GAL4, UAS-Cad99C-GFP) in clones of follicle cells. Long microvilli persist in
follicle cells expressing Cad99C-GFP and the vitelline membrane (Vm) is disrupted (asterisk). Oo, oocyte;
Fc, follicle cells. Bars, 5 µm (A,B); 500 nm (C-F).
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The latter microvilli might reflect the CD8-GFP-labeled roof-like structures that were
observed when Cad99C-HA and CD8-GFP were co-expressed.
During stages 11-12 of oogenesis, the microvilli of wild-type follicle cells shorten and the
vitelline bodies coalesce into a continuous vitelline membrane (Mahowald, 1972;
Mahowald and Kambysellis, 1980) (Fig. 6E). However, when Cad99C-GFP was
expressed in follicle cells, some inappropriately long microvilli persisted through stage
12, interrupting the vitelline membrane (Fig. 6F), indicating that overexpression of
Cad99C prevents the timely shortening of microvilli. Together, these data indicate that
overexpression of Cad99C is sufficient to alter the morphology of follicle cell microvilli,
resulting in large bundles of microvilli and defects in the vitelline membrane.
§1.8 The extracellular region of Cad99C promotes the formation of large microvilli
bundles
The above experiments indicated that expression of Cad99C promotes the formation of
abnormally large bundles of follicle cell microvilli. To gain insights into the mechanisms
used by Cad99C to induce large bundles of microvilli, I undertook a structure-function
analysis.
Cad99C contains extracellular domains, such as cadherin repeats, as well as intracellular
motifs, such as a PDZ-binding site, that could be important for promoting the bundling of
follicle cell microvilli, for example, through interactions with other proteins. To address
whether the extracellular region, the intracellular region, or both regions of Cad99C were
required to promote the formation of large microvilli bundles, I generated mutant
versions of Cad99C lacking either the intracellular or the extracellular region, Cad99C-
EXTRA-HA and Cad99C-INTRA-HA, respectively (Fig. 7A, and Materials and
Methods). Clones of follicle cells expressing full-length Cad99C-HA, Cad99C-EXTRA-
HA and Cad99C-INTRA-HA were analyzed by immunoelectron microscopy using an
anti-HA antibody. Anti-HA immunoreactivity for all three proteins was detected on
follicle cell microvilli (Fig. 7C-E). Follicle cells expressing Cad99C-EXTRA-HA
showed large bundles of HA-labeled, parallel, sectioned microvilli similar to those
observed when full-length Cad99C-HA was expressed (Fig. 7C,E). Expression of
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Cad99C-INTRA did not result in large bundles of microvilli (Fig. 7D). Thus, the
extracellular region of Cad99C fused to the transmembrane domain of Cad99C is
sufficient to promote the formation of microvilli bundles, suggesting that the extracellular
region of Cad99C is important for the function of Cad99C in organizing follicle cell
microvilli.
Fig. 7 The extracellular region fused to the transmembrane domain of Cad99C is sufficient to
promote the formation of large bundles of follicle cell microvilli.
(A) Scheme of Cad99C-HA, Cad99C-EXTRA-HA and Cad99C-INTRA-HA. Cad99C-EXTRA-HA lacks
the entire cytoplasmic region, whereas Cad99C-INTRA-HA lacks most of the extracellular region. Full-
length and deletion mutants of Cad99C all have a triple HA tag at their C-terminus. Sp, signal peptide; TM,
transmembrane domain; PDZ-BS, putative PDZ domain-binding site. (B-E) Electron micrographs of anti-
HA 12 nm immunogold-labeled sections of stage-10 (B) control egg chambers (Act5C>GAL4) and egg
chambers expressing (C) Cad99C-HA (Act5C>GAL4, UAS-Cad99C-HA), (D) Cad99C-INTRA-HA
(Act5C>GAL4, UAS-Cad99C-INTRA-HA), and (E) Cad99C-EXTRA-HA (Act5C>GAL4, UAS-Cad99C-
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EXTRA-HA) in clones of follicle cells. (C-E) Insets show higher magnification views. Overexpression of
Cad99C-HA or Cad99C-EXTRA-HA results in the formation of large HA-labeled bundles of follicle cell
microvilli. Oo, oocyte; Fc, follicle cells. Bars, 500 nm (B-E).
 
§1.9 Drosophila Cad99C is closely related to human Protocadherin 15
Microvilli are common to epithelial cells in most organisms. I therefore tested whether
protein sequences similar to Cad99C were also present in other organisms. The entire
Drosophila Cad99C protein sequence was used to search databases for Cad99C-related
proteins using the BLAST algorithm. In addition to a putative Cad99C Anopheles
gambiae homolog (XP_312660; E-value: 0.0), BLAST also identified protocadherin 15
proteins from Mus musculus (AAG53891; E-value: e-105), Homo sapiens (AAK31804,
E-value: e-104), Tetraodon nigroviridis (CAG12628, E value: e-100) and other species as
putative Cad99C homologs.
Fig. 8 Drosophila Cad99C is closely related to human PCDH15.
(A) Drosophila melanogaster (Dm) Cad99C, Anopheles gambiae (Ag) Cad99C, Mus musculus (Mm)
Pcdh15 and Homo sapiens (Hs) PCDH15 share a similar protein domain organization. They are single-span
transmembrane (TM) proteins containing a signal peptide (Sp) and 11 cadherin repeats in their extracellular
regions. The cytoplasmic region has a conserved PDZ domain-binding site (PDZ-BS). The available
Anopheles Cad99C sequence is incomplete at its N-terminus. (B) Conservation of a C-terminal PDZ
domain-binding site between the four proteins. The cytoplasmic regions of Drosophila and Anopheles
Cad99C, and mouse Pcdh15 and human PCDH15 contain conserved C-terminal class I PDZ domain-
binding sites (underlined) with the consensus sequence (S/T)XL (Sheng and Sala, 2001). (C) Phylogenetic
tree built with the UPGMA method. Dm Cad99C, Ag Cad99C, Mm Pcdh15 and Hs PCDH15 segregate
C
41
into the same clade (box), indicating that Cad99C and PCDH15 share a common evolutionary history and
are more related to each other than to any other of the cadherins considered. The non-classical cadherins
Dm and Ag Cad88C appear to be related to Hs cadherin 23 (CDH23) and Mm Cdh23; like PCDH15,
CDH23 is etiologically associated with Usher syndrome type I.
Human PCDH15 is a non-classical member of the cadherin superfamily that localizes to
stereocilia, microvilli-derived extensions of inner ear cells (Ahmed et al., 2003).
Mutations in PCDH15 are etiologically associated with non-syndromic deafness and
Usher syndrome type 1F, an autosomal recessive disease characterized by hearing loss,
vestibular dysfunction and retinopathy (Ahmed et al., 2001; Alagramam et al., 2001b). A
back-BLAST analysis using human PCDH15 as the query sequence identified
Drosophila Cad99C as the sequence from Drosophila with the highest similarity (E-
value: 4e-98) to human PCDH15, suggesting that Cad99C is the cadherin in Drosophila
that is most closely related to human PCDH15, and vice versa.
To analyze further the relationship between Cad99C and PCDH15, I compared the
domain organization of Drosophila and Anopheles Cad99C with that of the human and
mouse proteins. The four proteins share a similar structural organization, with an
extracellular region containing 11 cadherin repeats (however, the available Anopheles
Cad99C sequence is N-terminally truncated and has only 10 cadherin repeats), a single-
span transmembrane domain, and a cytoplasmic region with a conserved C-terminal class
I PDZ domain-binding site (Fig. 8A,B). Cad99C is the only one among the 17 cadherin-
like sequences in Drosophila that has 11 cadherin repeats (Hill et al., 2001; Hynes and
Zhao, 2000). Bioinformatic analysis of the Ca2+-binding sites in the extracellular region
(data not shown) further indicates that Drosophila Cad99C and human Protocadherin 15
are related cadherins.
To estimate the evolutionary relationship between Cad99C and PCDH15, I built a
phylogenetic tree based on the alignment of the full-length sequences of the cadherins
most closely related to Cad99C (see Materials and Methods). Drosophila and Anopheles
Cad99C and mouse Pcdh15 and human PCDH15 segregated into the same clade (Fig.
8C), suggesting that Cad99C and PCDH15 are closely related. Thus, based on BLAST
analysis, the conserved protein domain organization and our phylogenetic analysis, I
suggest that Cad99C and PCDH15 are homologs.
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§2. Modulation of microvilli-like protrusions of the wing imaginal disc
by cadherin Cad99C, the Drosophila ortholog of human Usher
syndrome (USH1F) Protocadherin 15.
Acknowledgements: I performed this project in collaboration with Michaela Wilsch-
Bräuninger, that provided the electron microscopy images here shown.
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§2.1 Summary
Cad99C is necessary for proper morphogenesis of follicle cell microvilli. I then wondered
whether it would be also required for the morphogenesis of microvilli protrusions in other
Drosophila tissues. To this purpose, I decided to analyze the function of Cad99C in the
columnar epithelium of the larval wing imaginal disc. By immunostaining with an anti-
Cad99C antiserum, I detected Cad99C in the entire wing imaginal disc epithelium. Laser
scanning and electron microscopy indicated that Cad99C localizes to the apical and
apicolateral membrane of the columnar epithelium, consistent with a putative role of
Cad99C in modulating the apical membrane morphology of this tissue. I first tested this
hypothesis using a gain-of-function approach. By overexpression of Cad99C, ectopic
planar protrusions were generated from the apical membrane of the columnar epithelium.
To test if these planar ectopic protrusions are related to microvilli, I analyzed the
morphology of microvilli-like protrusions of the columnar epithelium by live imaging of
wild type and Cad99C overexpressing wing imaginal discs. Interestingly, in wild type
tissues, microvilli protrusions of the columnar epithelium have well defined
morphological features and extend across the lumen that separates the columnar from the
apposing squamous epithelium (see Fig. 13D). Overexpression of Cad99C-GFP produced
planar protrusions with similar morphological features but different orientation,
suggesting that Cad99C overexpression could alter the orientation and docking, i.e. the
adhesive properties, of microvilli. However, sometimes overexpression of Cad99C
resulted in the production of microvilli with increased diameter and aberrant morphology.
Overexpression of deletion mutants of Cad99C, lacking either the intracellular or the
extracellular region, did not alter microvilli morphology and orientation, suggesting that
both domains are required for this function.
In conclusion, Cad99C overexpression alters the morphology of microvilli and their
orientation, suggesting that similar to the human ortholog Protocadherin 15, Cad99C can
regulate several aspects of microvilli morphogenesis and organization.
I further tested this hypothesis by loss-of-function experiments. To this purpose, I
analyzed wing imaginal discs from Cad99C mutant flies and compared them with wild
type tissues. Live imaging revealed that microvilli protrusions were still present and, in
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many cases, still connected to the squamous epithelium, suggesting that Cad99C is not
essential for the morphogenesis of microvilli protrusions of the wing disc.
In conclusion Cad99C overexpression, but not Cad99C removal, is sufficient to alter
microvilli morphology and organization in the columnar epithelium of the wing imaginal
disc. Likely, other molecules can compensate for Cad99C loss-of-function in this tissue.
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§2.2 Cad99C localizes to the apical and subapical membrane of columnar epithelial
cells of wing imaginal discs.
The expression of Cad99C is not restricted to follicle cells but is rather widespread
among epithelia, including wing imaginal discs (Schlichting et al., 2005), raising the
possibility that Cad99C might also be required for normal microvilli morphology in
epithelial cells other than follicle cells. To gain insights into potential roles for Cad99C in
tissues other than the follicular epithelium, I first determined its subcellular localization
in the columnar epithelium of the wing imaginal disc.
In Drosophila epithelial cells, the lateral plasma membrane can be subdivided into three
distinct domains (Knust and Bossinger, 2002). The most apical domain of the lateral
plasma membrane, the subapical region, is followed by the zonula adherens, and further
basally by the septate junction. Using an antibody against Cad99C (Schlichting et al.,
2005) strong immunoreactivity was detected in columnar cells apical to the zonula
adherens, as marked by DE-cadherin, and partially overlapped with a marker for the
subapical region, Discs lost (Bhat et al., 1999), in wild-type wing imaginal discs (Fig.
9A,A’). In wing imaginal discs homozygous mutant for Cad99C57A, a null allele of
Cad99C (Schlichting et al., 2005), Cad99C immunoreactivity was greatly reduced (Fig.
9B,B’). To analyze more precisely whether Cad99C localizes to the subapical and/or
apical region of columnar cells, we performed immunogold electron microscopy on wild-
type wing imaginal discs. However, in this case, the endogenous level of Cad99C was too
low to be detected by the anti-Cad99C antibody (Fig. 9C). In order to increase the
concentration of Cad99C to a level that allows detection by immunoelectron microscopy,
I expressed a HA-tagged version of Cad99C, Cad99C-HA, in wing imaginal disc cells
using the GAL4 system (Brand and Perrimon, 1993). Cad99C immunoreactivity was
detected on the subapical and apical regions of columnar cells overexpressing Cad99C-
HA (Fig. 9D). Within the apical region, Cad99C immunoreactivity was detected on
microvilli as well as the non-protruding plasma membrane. Thus, this indicates that
Cad99C localizes apical to the zonula adherens both to the subapical and apical plasma
membrane regions.
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Fig. 9 Cad99C localizes to the apical and subapical membrane of columnar wing disc cells.
(A-B’) XY scans of control Cad99C+/+ and mutant Cad99C-/- (Cad99C57A/57A) wing discs stained with anti-
Cad99C (green), Dlt (red) and DE-cadherin (DE-CAD, blue). Apical is to the top. (A) Cad99C
immunoreactivity is detected apical to DE-cadherin and partially overlaps with Dlt. (B, B’) Cad99C
immunoreactivity is strongly reduced in mutant Cad99C-/- (Cad99C57A/57A) wing discs.
 (C, D) Immunoelectron micrographs of Cad99C+/+ columnar cells of the control anterior compartment and
cells expressing Cad99C-HA (en-GAL4, UAS-Cad99C-HA) in the posterior compartment stained with an
anti-Cad99C antiserum. (D) Anti-Cad99C immunoreactivity is detected on the apical membrane including
microvilli. (E) Quantification of the length of microvilli from control cells and cells expressing Cad99C-
HA. Microvilli from cells expressing Cad99C-HA are significantly longer.
Scale bars, 10 µm (A-B’); 530 nm (C, D).
§2.3 Overexpression of Cad99C-HA induces membrane protrusions
Interestingly, when analyzing the localization of Cad99C-HA by immunoelectron
microscopy, we noticed that Cad99C-HA expressing cells had significantly longer
microvilli in comparison to control cells (Fig. 9E, n of control = 34 and n of sample = 64,
p<0.0001). In addition, by light microscopy, I found that Cad99C-HA localized to planar
luminal protrusions (data not shown). To analyze the morphology of these planar luminal
protrusions in more detail, I attempted to visualize these protrusions in living wing
imaginal discs. For this purpose, I generated a GFP-tagged Cad99C and expressed it from
a transgene in clones composed of a few cells using the FRT-Flp and GAL4 systems
(Brand and Perrimon, 1993; Golic and Lindquist, 1989). Wing discs were stained with
the lipophilic dye FM4-64 to visualize cell outlines. XY confocal sections were then
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collected from living wing imaginal discs and a 3D-rendering of the sections was
obtained using the software Volocity (see Materials and Methods). Upon expression of
Cad99C-GFP, similar to Cad99C-HA, Cad99C-GFP was detected on planar luminal
protrusions (Fig. 10A,A’), present in the lumen of the living wing imaginal disc (scheme
in Fig. 10B). These planar luminal protrusions often arose from an apparently enlarged
apical surface of the Cad99C-GFP expressing cells, had a length of up to 10 µm and a
diameter of about 0.2 µm. The terminal tips of these protrusions were often enlarged (Fig.
10A’). Further, some of the terminal tips appeared to make contact to neighboring
columnar cells as well as squamous cells. In some cases, protrusions were branched with
a main protrusion giving rise to several thinner protrusions (data not shown). To test
whether these planar luminal protrusions were a result of Cad99C-GFP expression or
instead were present normally in columnar cells, I analyzed living wing imaginal discs
carrying clones expressing CD8-GFP, a transmembrane protein routinely used as a cell
membrane marker and already employed to study cell protrusions in Drosophila (De
Joussineau et al., 2003), alone or in combination with an HA-tagged version of Cad99C.
Interestingly, planar luminal protrusions labeled by CD8-GFP were only observed when
CD8-GFP and Cad99C-HA were co-expressed (Fig. 10C,C’, arrows), but only rarely
when CD8-GFP was expressed alone (Fig. 10D,D’). This suggests that the planar luminal
protrusions were a result of Cad99C-HA expression.
To test further the idea that Cad99C-HA induces planar luminal protrusions, we further
analyzed wing imaginal discs expressing Cad99C-HA using the GAL4 system in the
posterior compartment by immunogold electron microscopy using the anti-Cad99C
antibody. Membranous structures labeled with gold particles and presumably
corresponding to the planar luminal protrusions seen in light microscopy were present in
the lumen between columnar and squamous cells in the posterior compartment (Fig. 10I),
but not in the anterior compartment (Fig. 10L). Thus, this indicates that expression of
Cad99C-HA induces the formation of planar luminal protrusions.
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Fig. 10 Cad99C-HA overexpression leads to planar luminal protrusions.
(A,A’) XY view of an 3D-rendering of a living wing imaginal disc expressing Cad99C-GFP in cell clones
(green) and stained with the lipophilic dye FM4-64 (red). Long apical cell protrusions of columnar cells are
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present in the lumen of the disc and are oriented parallel to the columnar epithelium. Some of these
protrusions have an enlarged tip (inset and arrow). (B) Scheme of the planar luminal protrusions (blue), in
comparison to the transluminal protrusions connecting the two apposed epithelia of wing imaginal discs
(red; see below).
(C-H’) 3D-rendering of living wing imaginal discs stained with the lipophilic dye FM4-64 (red) and
expressing CD8-GFP in cell clones (green) either (D,D’) alone or together with (C,C’) Cad99C-HA, (E,E’)
DE-cadherin (DE-CAD), (F,F’) Dachsous (Ds), (G,G’) Crumbs (Crb) or (H,H’) Four-jointed (Fj). Planar
luminal protrusions are observed only when CD8-GFP is co-expressed with Cad99C-HA (C,C’, arrows).
(I) Immunogold electron micrographs of wing imaginal discs expressing Cad99C-HA in the posterior
compartment (en-GAL4, UAS-Cad99C-HA). Membranous structures are present in the lumen (red
arrowheads, see scheme in I), between the columnar (c.e., down) and the squamous epithelium (s.e., up).
Cad99C immunoreactivity is detected on these membranous structures (data not shown). Note the presence
of multivesicular bodies (arrow) close to the apical cell surface. (L) Similar membranous structures are
absent in the control anterior compartment. Scale bars, 5 µm (A,A’); 10 µm (C-H’), 1.1 µm (I,L).
I next wanted to test whether the ability to induce planar luminal protrusions is
widespread among cadherins and apically localized proteins or rather is specific for
Cad99C. For these experiments, I co-overexpressed, in each case with CD8-GFP, two
molecules belonging, as Cad99C, to the superfamily of cadherins, DE-cadherin (Fig.
10E,E’) and Dachsous (Fig. 10F,F’), and another transmembrane protein, Crumbs (Fig
2G,G’), that localizes like Cad99C to the subapical membrane (Wodarz et al., 1995), and
Four-jointed, a type II transmembrane protein that regulates the activity of Dachsous
(Strutt and Strutt, 2002) (Fig. 10H,H’). The analysis of the resulting cell clones only in
rare cases showed the presence of CD8-GFP labeled planar luminal protrusions in the
wing blade region, suggesting that the ability to induce planar luminal protrusions is not a
widespread feature, but rather specific for Cad99C-HA.
      §2.4 Extra- and intracellular domains of Cad99C are required to induce
      protrusions
Cad99C contains extracellular domains, such as cadherin repeats, as well as intracellular
motifs, such as a PDZ-binding site (Schlichting et al., 2005), that could be important for
inducing the planar luminal protrusions by mediating, for example, interactions with
other proteins. To address whether the extracellular domain, the intracellular domain or
both domains of Cad99C are required, when overexpressed, for inducing planar luminal
protrusions, I generated mutant versions of Cad99C, which lack either the intracellular or
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the extracellular domain (see Materials and Methods), Cad99C-EXTRA-HA and
Cad99C-INTRA-HA, respectively (Fig. 11A).
Fig. 11 Both the intracellular and extracellular domains of Cad99C are required to form planar
luminal protrusions.
(A) Scheme of Cad99C-HA, Cad99C-EXTRA-HA and Cad99C-INTRA-HA. Cad99C-EXTRA-HA lacks
the entire cytoplasmic region whereas Cad99C-INTRA-HA lacks most of the extracellular region. Full-
length and deletion mutants of Cad99C all have a triple HA tag at their C-terminus.
(B) Western blot analysis of wing imaginal discs expressing Cad99C-HA, Cad99C-EXTRA-HA and
Cad99C-INTRA-HA with an anti-HA antibody detects proteins of the predicted size. Probing of the same
membrane with an anti-tubulin antibody and quantification of the optical density of bands shows that full-
length and deletion mutants of Cad99C have similar expression levels.
(C-H) Immunostaining of wing imaginal discs expressing Cad99C-HA, Cad99C-EXTRA-HA and Cad99C-
INTRA-HA in cell clones with (C-H) an anti-HA (green) and (F-H) an anti-PY20 antibody (red). Planar
luminal cell protrusions, identified by anti-HA immunoreactivity, are observed only in cells expressing (C)
full-length Cad99C-HA and not in cells expressing (D,E) deletion mutants. (F-H) XZ scans show that
Cad99C-HA, Cad99C-EXTRA-HA, and Cad99C-INTRA-HA all localize similarly, apical to the zonula
adherens (PY20 staining, red). Scale bar, 5 µm.
Fly stocks expressing Cad99C-EXTRA-HA and Cad99C–INTRA-HA at levels similar to
Cad99C-HA were identified by Western blot analysis (Fig. 11B). Clones composed of a
few cells were generated in wing imaginal discs of third instar larvae using the FLP-FRT
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technique and analyzed for the localization of Cad99C-HA and deletion mutants.
Cad99C-EXTRA-HA and Cad99C-INTRA-HA localized above the zonula adherens,
identified by PY20 staining, similarly to Cad99C-HA (Fig. 11F,G,H). Planar luminal
protrusions, as identified by anti-HA immunoreactivity, were detected in cells
overexpressing Cad99C-HA (Fig. 11C) but not in cell clones overexpressing Cad99C-
EXTRA-HA or Cad99C-INTRA-HA in the wing blade region (Fig. 11D,E).
Fig. 12 Both the intracellular and extracellular domains of Cad99C are required to form planar
luminal protrusions.
(A-C’) 3D-rendering of living wing imaginal discs expressing CD8-GFP in cell clones (green) together
with either Cad99C-HA, Cad99C-EXTRA-HA, or Cad99C-INTRA-HA and stained with the lipophilic dye
FM4-64 (red). Long planar luminal CD8-GFP-labeled protrusions are observed only in cells expressing
(A,A’) full-length Cad99C-HA but not Cad99C deletion mutants (B,B’) Cad99C-EXTRA-HA and (C,C’)
Cad99C-INTRA-HA. Scale bar, 5 µm.
Further, cells co-expressing CD8-GFP with either Cad99C-INTRA-HA or Cad99C-
EXTRA-HA did not induce long CD8-GFP-labelled planar luminal protrusions (Fig.12),
ruling out the possibility that Cad99C-INTRA-HA and Cad99C-EXTRA-HA did induce
planar luminal protrusions, but, in contrast to Cad99C-HA, did not localize to them.
Thus, this suggests that both domains of Cad99C are required to induce planar luminal
protrusions.
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§2.5 Microvilli-like, transluminal protrusions of wing disc columnar cells
Cad99C-HA might induce planar luminal protrusions by misorienting pre-existing
protrusions, stabilizing or extending small apical protrusions, forming de novo
protrusions from the non-protruding apical plasma membrane, or a combination thereof.
To begin to distinguish among these possibilities, I analyzed living wild-type columnar
cells for the presence of apical membrane protrusions. For these experiments, I used the
GAL4 system to drive the expression of CD8-GFP in the dorsal compartment of the wing
imaginal disc. XY confocal sections were then collected from FM4-64 labeled living
wing imaginal discs and a 3D-rendering of the sections was obtained. Interestingly, the
apical surface of the columnar epithelium displayed many cell protrusions, ranging in
length from 1-2 µm up to 10 µm (Fig. 13A-C), directed through the lumen of the disc
towards the squamous epithelium (scheme in Fig. 13D). These microvilli-like protrusions
appeared to be a common attribute of all wing disc columnar cells, with an estimated
density of 2-3 apical protrusions per cell.
To investigate in more detail the morphology of these protrusions, CD8-GFP was
expressed in clones composed of few cells, stochastically generated with the FLP/FRT
technique. 3D-rendering showed that these cell protrusions arose from CD8-GFP
expressing cells in the columnar epithelium (Fig. 13E,E’), passed through the lumen that
separates the columnar from the squamous epithelium (Fig. 13G,G’) and reached and
apparently contacted the squamous epithelium (Fig. 13F,F’,H,H’). Most of these
transluminal protrusions were linear elongated structures. However, some protrusions
were branched, especially in the terminal tracts. Sometimes, conversely, two protrusions
initially distinct came in close contact with one another and apparently coalesced to form
a single structure (Fig. 13I). Remarkably, most of these transluminal cell protrusions had
an enlarged and roughly spherical terminal tip (Fig. 13F’,I,I’) whose diameter, of
approximately 1 µm, largely surpassed the normal protrusion diameter of 0.2 µm.
Sometimes this enlarged terminal tip was the only part of the protrusion that contacted
the squamous epithelium, however, in other cases the terminal tract of the protrusion,
preceding the tip, also seemed to contact the squamous epithelium (Fig. 13I,I’).
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Fig. 13 Transluminal microvilli-like protrusions connect the columnar to the squamous epithelium in
wing imaginal discs.
(A,A’) XZ view of a 3D-rendered, living wing imaginal disc expressing CD8-GFP in an entire set of cells
(green, the dorsal compartment) and stained with the lipophilic dye FM4-64 (red). Apical cell protrusions
arise from the columnar epithelium (down) and extend towards the squamous epithelium (up). (B,C) An
apical view of the 3D-rendered tissue shows that these transluminal protrusions are abundant and present
over the entire tissue with no apparent regional preferences.
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(D) Scheme of the Drosophila wing imaginal disc and location of transluminal protrusions. Cells of the
squamous epithelium (s.e.), when viewed on the plane of the epithelium, are less elongated and have a
larger surface area than those of the columnar epithelium (c.e.). In cross section, the squamous and
columnar epithelia are apposed and separated by a lumen. Transluminal cell protrusions (Pr.) arise from the
columnar epithelium and are directed towards the squamous epithelium.
(E-H’) 3D-rendering of a living wing imaginal disc carrying clones expressing CD8-GFP (green) and
stained with the lipophilic dye FM4-64 (red). Different views of the tissue are provided, showing cell
clones belonging to the (E,E’) columnar epithelium that have transluminal protrusions oriented towards the
(F,F’) squamous epithelium. (G-H’) Tilting of the 3D-rendered tissue shows that transluminal protrusions
of columnar cells extend to the level of the squamous epithelium, detected by the presence of a squamous
cell expressing CD8-GFP.
(I,I’) Morphological features of transluminal protrusions. An enlarged terminal tip (arrowhead) can be
accompanied by vesicle-like bulges (arrows), branching and anastomosis (star). In addition, some apical
protrusions bend in their terminal tract when contacting the squamous epithelium. Scale bar, 10 µm (A-C,
E-H’); 5 µm (I,I’).
Interestingly, some transluminal protrusions had local bulges or widenings, which may
represent vesicles inside the protrusion or, alternatively, focal adhesion sites (Fig. 13I,I’).
Taken together, I conclude that wing imaginal disc columnar cells have transluminal,
microvilli-like protrusions that contact the squamous epithelium and that have specific
morphological features. Some of the features of these transluminal protrusions, including
apical localization, diameter, enlarged terminal tip and docking, were shared by the
Cad99C-GFP induced planar luminal protrusions. This suggests that expression of
Cad99C-GFP might induce planar luminal protrusions, in part, by misorienting pre-
existing microvilli-like protrusions of columnar cells.
§2.6 Cad99C-GFP localizes to microvilli-like protrusions of columnar cells
I next asked whether Cad99C-GFP might localize, in addition to planar luminal
protrusions, also to the microvilli protrusions present in wild-type wing imaginal discs.
I first tested whether Cad99C-GFP (Fig. 14A) localization was similar to that of
endogenous Cad99C. Clones expressing Cad99C-GFP were generated and wing discs
were immunostained using an anti-Cad99C antiserum and an anti-PY20 antibody that
marks the zonula adherens (Bachmann et al., 2001). Cad99C-GFP localized apical to the
zonula adherens (Fig. 14B), similar to endogenous Cad99C, suggesting that Cad99C-GFP
does mimic endogenous Cad99C localization.
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I next analyzed the localization of Cad99C-GFP in living wing disc cells. Cad99C-GFP
localized, in addition to planar luminal protrusions, also to vertical protrusions that
connected to the squamous epithelium (Fig. 14C,C’), resembling the transluminal
protrusions of wild-type columnar cells.
Fig. 14 Cad99C-GFP localizes to transluminal, microvilli-like protrusions of columnar cells.
(A) Scheme of Cad99C-GFP. (B) XZ scan of immunostained wing imaginal discs expressing Cad99C-GFP
in clones within the columnar epithelium. Anti-GFP immunoreactivity (green) is detected apical to
adherens junctions, marked by PY20 (red).
(C,C’) XZ view of a 3D-rendered living wing imaginal disc expressing Cad99C-GFP in clones of columnar
cells (green) and stained with the lipophilic dye FM4-64 (red). Cad99C-GFP localizes to transluminal
protrusions (arrowheads) arising from the columnar epithelium (c.e.) and connecting to the squamous
epithelium (s.e.). Scale bars, 5 µm (B); 10 µm (C,C’).
This suggests that endogeneous Cad99C localizes to the transluminal, microvilli-like
protrusions of wild-type columnar cells. In addition, I observed that another microvilli
marker, Dprominin-like-GFP, localizes to transluminal protrusions (data not shown),
further indicating that transluminal protrusions are related to microvilli.
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§2.7 Cad99C is not required for the formation and docking of transluminal,
microvilli-like protrusions.
Cad99C plays a fundamental role in the morphogenesis and organization of follicle cell
microvilli (see section §1 of results). Interestingly, overexpression of Cad99C in the wing
imaginal disc alters apical, microvilli-like protrusions.
Fig. 15 Cad99C is not required for the formation of transluminal protrusions and microvilli.
(A-C’) Different views of 3D-rendered, mutant Cad99C-/- (Cad99C57A/57A) living wing imaginal discs
stained with FM4-64 (red) and carrying cell clones (green) expressing the membrane marker CD8-GFP.
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Transluminal cell protrusions of wing disc columnar cells are present and connect to the apposing
squamous epithelium, similar to (D-F’) control wing discs (Cad99C57A/+).
(G,H) Electron micrographs of Epon-embedded control Cad99C+/+ and mutant Cad99C-/- (Cad99C57A/57A)
wing imaginal discs. (I) Quantification of the length of columnar cell microvilli shows that there is no
significant difference between mutant (Cad99C 57A/57A) and control (Cad99C 57A/+) microvilli (n of control =
494 and n of mutant = 552, p=0.27). Scale bars, 10 µm (A-F’); 530 nm (G,H).
I then wondered whether microvilli morphogenesis and docking of wing disc microvilli-
like protrusions would be altered in Cad99C mutant wing imaginal discs.
To this purpose, I analyzed by confocal microscopy and 3D-rendering (see materials and
methods), mutant Cad99C-/- (Cad99C57A/57A, Fig.15 A-C’) and control (Cad99C57A/+,
Fig.15 D-F’) living wing imaginal discs stained with the lipophilic dye FM4-64 and
carrying cell clones expressing the membrane marker CD8-GFP. Different tilting of the
3D-rendered, Cad99C mutant wing imaginal disc (Fig.15 A-C’) shows that transluminal,
microvilli-like protrusions of wing disc columnar cells are present and connect to the
apposing squamous epithelium, similar to (D-F’) control wing discs (Cad99C57A/+).
As previously mentioned, it is conceivable that the transluminal apical protrusions
observed in living wing imaginal discs are related to microvilli.
I then wondered whether microvilli, analyzed by electron microscopy, would be altered
in Cad99C mutant wing imaginal discs. Electron micrographs of Epon-embedded control
Cad99C+/+ and mutant Cad99C-/- (Cad99C57A/57A) wing imaginal discs (Fig.15 G-H)
indicate that microvilli length might be decreased in the absence of Cad99C. However,
quantification of the length of microvilli of columnar cells (Fig.15I) shows that there is
no overall significant difference between mutant (cad99C 57A/57A) and control
(cad99C57A/+) microvilli (n of control = 494 and n of mutant = 552, p=0.27). In
conclusion, Cad99C is not required for the formation and docking of transluminal,
microvilli-like protrusions of the columnar epithelium in the wing imaginal disc.
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§3. DSANS, the Drosophila ortholog of human Usher syndrome
(USH1G) SANS, is required for the efficient delivery of Cad99C to
microvilli of follicle cells.
I conducted independently this project in all its parts.
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§3.1 Summary
I wanted to test whether the follicular epithelium could be used as a model system to
analyze the function of other Usher syndrome related proteins, beside Cad99C. DSANS
and crinkled are respectively orthologous to human Usher syndrome SANS and myosin
VIIa. Interestingly, both crinkled and DSANS are expressed in the follicular epithelium at
stage 10, when microvilli reach the longest length, suggesting they could play a role in
microvilli morphogenesis. To analyze the function of DSANS, I generated null mutant
alleles by imprecise P-element excision. Immunostaining of stage 10 egg chambers from
wild type, crinkled and DSANS mutant alleles revealed that microvilli, as identified by
phalloidin staining, are not overtly altered. However, immunostaining with an anti-
Cad99C antiserum revealed that Cad99C levels are decreased in microvilli of DSANS
mutant follicle cells. Comparing by western blot the cellular amount of Cad99C in mutant
and control egg chambers, no significant difference was observed. On the other hand,
confocal analysis at high magnification revealed that Cad99C is partially mislocalized in
DSANS mutant follicle cells: in fact a pool of Cad99C is detected outside microvilli and
colocalizes with the apical non protruding membrane. These observations suggest that
DSANS is required for the efficient delivery of Cad99C to microvilli. Immunostaining of
stage 10 egg chambers with an anti-DSANS antiserum reveals that DSANS is a
cytoplasmic protein that partially localizes to dot-like intracellular structures, possibly
corresponding to vesicles. In conclusion, these findings suggest that DSANS is required
for the efficient delivery to microvilli of Cad99C. It is tempting to speculate that this
function is conserved across evolution and that human SANS is responsible for proper
delivery of Protocadherin 15 and other stereocilia components.
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§3.2 Introductory remarks
In the result sections §1 and 2, I reported the analysis of the Drosophila melanogaster
gene Cad99C, orthologous to human Usher syndrome protocadherin 15. Functional
characterization of Cad99C at the cellular level during ovarian development has
pinpointed its role in the morphogenesis of follicle cell microvilli, suggesting that
Cad99C and Protocadherin 15 could play an evolutionary conserved role in organizing
apical microvilli-like extensions (D'Alterio et al., 2005; Schlichting et al., 2006).
Drosophila melanogaster has been used as a model system to study several human
diseases and it was therefore proposed that ovarian development and the morphogenesis
of follicle cell microvilli could potentially be used to model human Usher syndrome
(Hardin, 2005).
Among the genes involved in Usher syndrome type I, SANS (Kikkawa et al., 2003; Weil
et al., 2003) is the least characterized in vertebrate models of the disease. Human SANS
encodes a cytoplasmic protein of unknown function. It has been puzzling how removal of
SANS, a cytoplasmic protein, could impair adhesion and bundling of stereocilia. I
decided therefore to investigate whether the follicular epithelium of Drosophila
melanogaster could be used to unveil the molecular function of SANS.
§3.3 The Drosophila genome encodes an ortholog of human Usher syndrome SANS
To begin to test this hypothesis, I wondered whether the Drosophila genome encodes an
ortholog of human Usher syndrome SANS. To identify orthologs of human SANS, I first
performed a sequence analysis by using the BLAST algorithm (Altschul et al., 1997).
Using the human SANS protein as query sequence, I retrieved several insect sequences
with significant sequence similarity with human SANS. Among them, Anopheles
gambiae XP_308746 (E value: 7e-54) and Drosophila melanogaster AAQ21582 (2e-51),
encoded by the CG13320 gene, displayed the highest similarity. Back-BLAST analysis,
using Dm AAQ21582 as query sequence, retrieved several related vertebrate sequences,
among which the most related were human SANS (E value: 5e-50) and human Harp (3e-
34), a recently described human protein similar to SANS (Johnston et al., 2004). I will
refer from here onward to Dm AAQ21582 as DSANS. Overall, human SANS and Dm
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AAQ21582 (DSANS) are 32% identical (168/524 identical amino acid residues), with a
higher sequence identity in the N-terminus (15/28, 53%), the ankyrin repeats (53/88,
60%) and the SAM domain (26/66, 39%). Interestingly, DSANS and human Harp and
SANS also display conserved short motifs: putative SUMOlation and PKC
phosphorylation sites in the N-terminus and a putative PDZ (PSD-95/discs-large/ZO-1)
domain binding site at the C-terminus (Fig. 16). In conclusion, sequence analysis
suggests that human SANS and DSANS are related proteins.
                         SUMOLATION     PKC PHOSPHORYLATION      PDZ DOMAIN BINDING
Hs Harp    ARDG (9-12)     TRKE (21-24)         PLALEDTEL* (415-417)
Hs SANS    ARDG (9-12)     TRKE (21-24)         PPALEDTEL* (459-461)
  DSANS    AKDG (10-13)    TRKD (22-25)         PGPLVDSRL* (514-516)
Fig.16 Conservation of short motifs in DSANS and human Harp and SANS.
By sequence analysis, three well-conserved short motifs can be identified in the protein sequences of
DSANS, human Harp and SANS. Putative SUMOlation and PKC phosphorilation sites are present at the
N-terminus, while a putative PDZ-domain binding site is detected at the C-terminus. Corresponding
positions of the amino acid residues in the protein sequences are displayed in parentheses. Color code:
yellow, identical amino acids; grey, similar amino acids. The black bar represents the PDZ binding site
proper (TEL and SRL).
I then searched for proteins with a combination of ankyrin repeats and SAM domains,
similar to the human SANS protein (Kikkawa et al., 2003; Weil et al., 2003), by
performing an architecture analysis with the SMART research tool (Schultz et al., 1998)
in Drosophila melanogaster and Homo sapiens. In Homo sapiens, 13 proteins contain a
numerically variable combination of ankyrin repeats and SAM domains. Among them,
only SANS (BAC03619), Harp (NP_665872), KIAA1977 protein (BAC85629) and the
hypothetical protein CAH18302 have 3 ankyrin repeats and one SAM domain and are
therefore more likely to have a related function. In Drosophila melanogaster, only two
proteins contain a combination of ankyrin repeats and SAM domains (AAQ21582 and
AAF56487). However, only AAQ21582, encoded by CG13320, has 3 ankyrin repeats
and a SAM domain, similar to vertebrate SANS.
The conservation of a similar domain organization suggests that the protein encoded by
CG13320, here termed DSANS, is related to vertebrate SANS.
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Fig.17 DSANS is evolutionary related to human SANS and Harp.
Phylogenetic tree built with the sequences most related to human SANS and composed by 3 ankyrin
repeats (blue bar) and a SAM domain (green triangle). DSANS is related to vertebrate Harp and SANS but
not to other human proteins (CAH18298 and BAC85629) that have a similar domain composition. Ag,
Anopheles gambiae; Dm, Drosophila melanogaster; Dn, Danio rerio; Hs, Homo sapiens; Mm, Mus
musculus.
I further tested the similarity between insect and vertebrate SANS related sequences by
performing a phylogenetic analysis. To this purpose, I built a multiple sequence
alignment and a phylogenetic tree with the sequences from Drosophila melanogaster,
Mus musculus, Danio rerio and Homo sapiens that appeared most related to human
SANS, on the basis of the domain architecture and sequence similarity analysis.
Consistent with the previous analysis, the Drosophila melanogaster protein AAQ21582
(DSANS) clustered in the same clade (Fig. 17) of vertebrate SANS and Harp, a molecule
recently described to be related to SANS (Johnston et al., 2004) but not with other human
proteins (CAH18298 and BAC85629) also composed by 3 ankyrin repeats and a SAM
domain.
In conclusion, the sequence similarity, the domain composition, the motif and
phylogenetic analysis all consistently indicate that Drosophila melanogaster AAQ21582
(here termed DSANS) is evolutionary related to human SANS (USH1G).
63
Further, the Drosophila genome encodes for orthologs of all the other human Usher
syndrome proteins: Drosophila melanogaster CG5921 (harmonin), Dm Cad88C
(cadherin 23) and Dm crinkled (myosin VIIa), (data not shown).
§3.4 Drosophila Usher syndrome related genes are expressed in follicle cells during
oogenesis
Drosophila melanogaster Cad99, the ortholog of human Usher syndrome Protocadherin
15 (USH1F), is expressed in the follicular epithelium and is involved in the proper
morphogenesis of follicle cell microvilli (see part §1 of the results). I then wondered
whether DSANS, crinkled and CG5921, the orthologs of human Usher syndrome SANS
(USH1G), myosin VIIa (USH1B) (Todi et al., 2005) and harmonin (USH1C), would be
also expressed in this tissue.
Fig.18 Drosophila Usher syndrome related genes are expressed in follicle cells during oogenesis
In situ hybridization of wild type ovaries with an anti-sense probe against CG5921 (A), crinkled (B) and
DSANS (C) respectively. CG5921 is expressed in nurse cells and follicle cells at all stages of oogenesis (A,
A’). Conversely, DSANS and crinkled have a more restricted expression pattern and are detected in the
follicular epithelium at stage 9-10a (DSANS and crinkled, B, C) and in the nurse cells at stage 9-12
(crinkled). However, no expression of crinkled and DSANS is detected in the follicular epithelium of stage
11 egg chambers (B’, C’). No signal above background is detected when an CG5921, crinkled or DSANS
sense RNA probe is used (A”, B” and C”).
CG5921                                crinkled                        DSANS (CG13320)
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To address this question, I analyzed by RNA in situ hybridization the expression pattern
during oogenesis.
In wild-type ovaries, CG5921 expression was detected with an antisense probe in nurse
cells and follicle cells at all stages of development (Fig. 18A, A’), suggesting that
CG5921 is constitutively expressed in the ovary.
Conversely, the pattern of expression of DSANS and crinkled was more restricted.
DSANS expression was detected, by DSANS specific antisense RNA probe, exclusively in
follicle cells covering the oocyte of stage 9 and 10a egg chambers (Fig. 18C). No DSANS
expression was detected in the stretched follicle cells, covering the nurse cells, or in the
nurse cells themselves, thus indicating that the DSANS transcript is not maternally
contributed. No signal above background was detected by a control sense DSANS probe
(Fig. 18C”).
Fig.19 DSANS is expressed in epithelia with prominent microvilli: the larval imaginal discs and the
embryonic gut
(A-C) Expression of DSANS during larval development. RNA in situ hybridization of wild type wing (A),
eye-antennal (B), haltere and leg imaginal discs (C) with an anti-sense probe against DSANS. DSANS is
evenly expressed in these epithelia. No expression is detected with a sense control probe (A’, B’, C’, C“).
(D-H) Expression of DSANS during embryonic development. RNA in situ hybridization of wild type
embryos at stage 11 (D, D’), 12 (E. E’), 14 (F, F’), 16 (G, G’) with an anti-sense probe against DSANS
(dorsal and lateral views respectively). DSANS is expressed in the foregut, the hindgut, the tracheal
placodes and the tracheal primary branches. DSANS is also expressed in cells composing the
DSANS (CG13320)
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mechanosensory Keilin’s organs (H, H’, overview and magnification of the area in brackets). No
expression is detected with a sense control probe (data not shown).
Further, crinkled mRNA was detected (Fig. 18B), by crinkled specific antisense RNA
probe, in follicle cells (from stage 9 to stage 10a egg chambers) and in nurse cells (from
stage 9-12), suggesting that the crinkled transcript is maternally contributed. A control
sense RNA crinkled probe failed to detect any signal.
In conclusion, CG5921, DSANS and crinkled are expressed during oogenesis in the
columnar follicle cells surrounding the oocyte, similar to Cad99C. The expression of
DSANS and crinkled is however exclusive to the stages (9-10a) when follicle cell
microvilli undergo an active remodeling and elongation (D'Alterio et al., 2005;
Mahowald, 1972; Schlichting et al., 2006). Further, expression of DSANS and crinkled in
columnar follicle cells ceases in late oogenesis (from stage 10b), when follicle cells
microvilli shorten and progressively regress (Fig. 18 B’, C’).
Beside the follicular epithelium, DSANS is expressed in other epithelia that have
prominent microvilli, as the imaginal discs (Fig. 19A, B, C and see section§2 of results)
and the embryonic gut (Fig. 19D, E, F, G), suggesting it could have a widespread
function in regulating microvilli morphogensis.
§3.5 DSANS is not detected in ovaries of DSANS mutant flies
In order to assess whether DSANS is involved in the morphogenesis of follicle cells
microvilli, I generated DSANS mutant flies by imprecise P-element excision (see
materials and methods). I retrieved 4 different DSANS mutant alleles (Fig. 20A-A”) that
have different deletions in the DSANS coding region but that do not alter adjacent genes.
Only the sequence of the putative gene CG30487, whose coding sequence overlaps with
that of DSANS, is affected. It is unclear however if CG30487 is indeed a gene as, for
example, no homologs can be found even in closely related species, like the insects
Anopheles gambiae and Apis mellifera.
66
I further characterized the DSANS mutant alleles. Analysis by in situ hybridization with
an anti-sense DSANS specific probe shows that no DSANS transcript can be detected in
DSANS245/245 homozygous mutant flies (Fig. 20D), suggesting that expression of DSANS
is impaired in the mutant alleles. To further test whether any DSANS protein would be
produced in the DSANS mutant flies, I performed a western-blot analysis of control and
DSANS mutant ovaries with an anti-DSANS antiserum that was raised against the full-
length protein (see materials and methods). A protein of approximately 75 kDa (see
materials and methods) was detected in wild type or control heterozygous ovaries.
However, no DSANS protein was detected in DSANS63/63, DSANS245/245 and
DSANS254/254 homozygous mutant flies (Fig. 20E), suggesting that these alleles are
amorphic. A protein of approximately 50 kDa, possibly corresponding to a truncated
form of DSANS, was detected in DSANS38/38 homozygous mutant flies, suggesting that
this allele is hypomorphic (see materials and methods).
Fig. 20 Amorphic and hypomorphic alleles of DSANS (CG13320) generated by imprecise P-element
excision. DSANS transcript and protein are not detected in homozygous mutant egg chambers.
A) Genomic locus of the DSANS (CG13320) gene at cytogenetic position 49E1 (2R). B) Genomic deletions
in the DSANS 38, 63, 245 and 254 mutant alleles were generated by imprecise excision of the GE10371 P-
element (yellow triangle). C) Exon/intron structure of the DSANS transcripts (transcript A and B). In all
DSANS mutant alleles (B), part of the coding sequence, including the ATG, is deleted (B and C are shown
with the same magnification, see scale).
A
B
C
D
E
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D) In situ hybridization of control and DSANS 245/245 mutant egg chambers. No transcript is detected in
homozygous mutant follicle cells. E) Western blot analysis of control or homozygous mutant egg chambers
with an anti-DSANS antiserum. A band of around 75 kDa is detected in the wild type and heterozygous
DSANS mutant flies.  However, no band is detected in DSANS 63, 245 and 254 homozygous mutant flies,
suggesting that these are amorphic alleles. A band possibly corresponding to a truncated form of DSANS is
detected in the DSANS 38 homozygous mutant flies, suggesting that this is a hypomorphic allele.
In conclusion, by imprecise P-element excision I retrieved several amorphic and
hypomorphic alleles of DSANS (CG13320). DSANS null mutant flies are viable, male and
female fertile and with no apparent morphological defects.
§3.6 Microvilli of crinkled and DSANS mutant follicle cells have a substantially
normal morphology
Different from Cad99C mutant flies, crinkled and DSANS homozygous mutant flies are
female fertile and lay eggs that are impermeable to the dye neutral red (data not shown).
These findings suggested that crinkled and DSANS are not strictly required during
Drosophila oogenesis for the even deposition of the vitelline membrane. However, I
wondered whether crinkled and DSANS mutant follicle cells might have partial defects in
microvilli morphogenesis and assembly that would not overtly alter the process of
vitellogenesis. To this purpose, I immunostained stage 10 egg chambers from wild type
(Fig. 21A), crinkled (Fig. 21B), DSANS  (Fig. 21C) homozygous mutant flies and DSANS
homozygous mutant, crinkled and Cad99C heterozygous mutant flies (compound mutant)
(Fig. 21D).
Fig. 21 Stage 10 egg chambers immunostained with rhodamine-phalloidin (red), anti-α-tubulin (blue)
and anti-Cad99C (green) antisera.
Different micrographs representing the posterior part of stage 10a egg chambers from wild type (A),
crinkled (B) and DSANS (C) homozygous mutant flies. Micrograph D represents egg chambers from
DSANS homozygous mutant, crinkled and Cad99C heterozygous mutant flies. The columnar follicular
epithelium (Fc) ensheath the oocyte (Oo). Cad99C staining (green) is indicative of microvilli of the apical
membranes of follicle cells, that is directly apposed to the oocyte membrane. Micrographs A, B, C and D
show that egg chambers at a similar stage of oogenesis are examined (stage 10a, on the basis of overall
dimensions and presence of border cells that have completed migration).
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Fig. 22 Analysis of microvilli morphology and Cad99C localization in follicle cells of stage 10 egg
chambers from wild type, crinkled (ck), DSANS homozygous mutant and compound mutant flies.
Phalloidin (red), tubulin (blue) and Cad99C (green) stainings are here shown. Tubulin immunostaining
(blue) shows lateral borders of follicle cells. Approximately 6 follicle cells are shown in each micrograph
(A’, B’, C’, D’). Phalloidin immunostaining (red) identifies the F-actin microfilament cortex beneath the
oocyte plasma membrane (blue arrow) and beneath the apical plasma membrane of follicle cells (black
arrow). Phalloidin staining also identifies stripe-like structures that contain F-actin microfilaments in-
between the plasma membrane of the oocyte and the apical membrane of follicle cells. These stripe-like
structures, corresponding to microvilli of follicle cells, are present in follicle cells from wild type (A),
crinkled (B), DSANS (C) homozygous mutant and compound mutant (D, DSANS245/245, ck13/+,
Cad99C/+) flies. Cad99C immunoreactivity partially overlaps wih phalloidin-staining and is detected on
regularly spaced, stripe-like structures that correspond to microvilli (see text). Microvilli staining with the
anti-Cad99C antiserum is prominent in wild type (A”), and crinkled homozygous mutant flies (B”) but
69
rather weak in DSANS homozygous (C”) and compound mutant flies (D”) (see text and Figure 24 for
details). Bar, 10 µm.
I concomitantly immunostained wild type and mutant ovarioles with an anti-α-tubulin
antibody (Fig. 22 A’, B’, C’, D’), to mark the lateral cell borders, and with rhodamine-
phalloidin (Fig. 22 A, B, C, D), a common marker for F-actin microfilaments that has
been previously used to visualize microvilli. Phalloidin immunoreactivity was detected in
stripe-like structures that lay in-between the apical membranes of the oocyte and follicle
cells in wild type, crinkled, DSANS and compound mutant follicle cells (FIG. 22 A, B, C,
D). In agreement with previous studies (D'Alterio et al., 2005; Schlichting et al., 2006),
the stripe-like structures correspond to follicle cell microvilli or, more likely, to microvilli
bundles. These findings therefore suggest that microvilli are not overtly altered in
crinkled and DSANS mutant follicle cells.
§3.7 Cad99C is mislocalized in DSANS mutant follicle cells
To better examine the morphology of microvilli, I immunostained the wild type egg
chambers, concomitantly with the above mentioned markers, with an anti-Cad99C
antiserum (Fig. 22A”, B”, C”, D”), that specifically marks microvilli of follicle cells.
Fig. 23 Cad99C cellular levels are similar in control and DSANS mutant follicle cells.
Western blot analysis of ovarioles from wild type, control (DSANS 63/+, 245/+, 254/+) and homozygous
mutant (DSANS 38/38, 63/63, 245/245 and 254/254) flies. Similar levels of Cad99C are detected in control
vs. DSANS homozygous mutant egg chambers. Sometimes, an increase of Cad99C levels is seen in mutant
egg chambers (DSANS 254/254), in comparison with control DSANS 254/+ egg chambers. Blotting with an
anti-tubulin antibody is shown as loading control.
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Consistent with previous reports, in wild type cells Cad99C immunoreactivity is detected
in regularly spaced, stripe-like structures that correspond to follicle cell microvilli and
that are also stained by rhodamine-phalloidin (Fig. 22A-A”, (D'Alterio et al., 2005;
Schlichting et al., 2006)). No Cad99C immunoreactivity was detected on the planar, non-
protruding apical membrane, nor in any other cellular compartments (Fig. 22A”)
indicating, as previously shown, that Cad99C specifically localize to microvilli in this
tissue. In crinkled mutant follicle cells, similar to wild type, Cad99C immunoreactivity is
detected exclusively on regularly spaced microvilli of follicle cells (Fig. 22 B-B”), further
confirming that microvilli are substantially not altered in crinkled mutant follicle cells.
In DSANS null mutant (Fig. 22C-C”) and in compound mutant (DSANS-/-, ck+/-,
Cad99C+/-, Fig. 22D-D”) follicle cells, however, low amounts of Cad99C were detected
on microvilli. One possibility to explain this observation would be that the cellular
amount of Cad99C is decreased in DSANS mutant follicle cells. To test this hypothesis, I
analyzed by western blot the levels of Cad99C in control and DSANS mutant egg
chambers. Surprisingly, Cad99C levels were not decreased but rather similar or even
increased in DSANS mutant versus control egg chambers (Fig. 23). This finding therefore
rules out the possibility that a decrease in the cellular levels of Cad99C could account for
the poor immunodetection of Cad99C in follicle cell microvilli.
Another hypothesis to explain this observation would be that Cad99C is not properly
delivered to microvilli of follicle cells in the DSANS mutant. To address this possibility, I
analyzed at high magnification wild type and mutant egg chambers (Fig. 24). Different
from the wild type (Fig. 24A-A”) and crinkled mutant (Fig. 24B-B”), in the DSANS
mutant (Fig. 24C-C”) and in the compound mutant (Fig. 24D-D”) a significant pool of
Cad99C was detected at the base of microvilli (Fig. 24C”, D”) and colocalized with the
apical non protruding membrane (Fig. 24C’, D’), identified by phalloidin staining (Fig.
24C, D). These findings suggest that DSANS is required for the proper localization of
Cad99C to microvilli.
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Fig. 24 Confocal analysis at high magnification of Cad99C localization in microvilli of wild type,
crinkled (ck), DSANS homozygous mutant and compound mutant follicle cells.
Phalloidin immunostaining (red, A, B, C, D) identifies the F-actin microfilament cortex beneath the oocyte
plasma membrane (blue arrow) and beneath the apical plasma membrane of follicle cells (black arrow).
Phalloidin staining (red) is used to identify microvilli of follicle cells (in-between blue and black arrows).
In wild type (A-A”) and crinkled mutant (B-B”) follicle cells, Cad99C localizes exclusively to microvilli
that are also stained by phalloidin. However in DSANS homozygous mutant (C-C”) and compound mutant
(D-D”) follicle cells, Cad99C only partially localize to microvilli and accumulates in dot-like structures that
colocalize with the apical non-protruding membrane. Bar, 4 µm.
§3.8 DSANS is a cytoplasmic protein that localizes to dot-like structures
Gene annotation and in silico analysis predicts that the DSANS (CG13320) gene encodes
a cytoplasmic protein (Celniker and Rubin, 2003). To test this hypothesis and to possibly
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Fig. 25 DSANS is immunodetected in follicle cells of stage 10 egg chambers
Immunostaining of stage 10 egg chambers with an anti-DSANS antiserum of wild type and DSANS
homozygous mutant follicle cells. DSANS immunoreactivity (green A, A’) is detected in the follicular
epithelium of wild type (A, A’) but not of DSANS mutant egg chambers (B, B’). Phalloidin (red) and
tubulin immunostainings (blue) are also shown (A, B).
C) DSANS immunoreactivity is detected in germline stem cells, at the anteriormost part of the germarium
(magnification in C’). No staining is detected in the germline stem cells of DSANS 245/245 mutant egg
chambers, indicating that the staining is specific. Bar, 100 µm (A-B’), 50 µm (C), 10 µm (C’, C”).
get some insights into DSANS function, I immunostained wild type and DSANS null
mutant ovarioles with an anti-DSANS antiserum (Fig. 25). DSANS immunoreactivity
was observed in the follicular epithelium of wild type, stage 9-10 egg chambers (Fig.
25A, A’), consistent with the pattern of DSANS expression (Fig. 18). DSANS
immunoreactivity was additionally detected in the germline stem cells of the germarium
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(Fig. 25C-C”). No immunoreactivity was detected in egg chambers from DSANS
homozygous mutant flies (Fig. 25B, B’), indicating that the observed staining is specific
for DSANS.
Confocal analysis of stage 9-10 follicle cells revealed that DSANS protein levels vary
from cell to cell, indicating that DSANS expression is mosaic (Fig. 25, 26). Further
analysis in this tissue also indicated that DSANS localizes diffusively in the cell
cytoplasm (Fig. 26 A-C”), consistent with being a cytosplamic protein. However,
DSANS was also detected in dot-like structures (Fig. 26C’, C”), in part enriched beneath
the apical plasma membrane and possibly corresponding to vesicles.
Fig. 26 DSANS is detected in dot-like structures and in the cytoplasm of wild type follicle cells.
Immunostaining of wild type (A-A”, C-C”) and DSANS 245/245 homozygous mutant (B-B”) follicle cells.
DSANS (green) is immunodetected in the cytoplasm of follicle cells of wild type (A’, A”) but not of
DSANS 245/245 homozygous mutant (B-B”) follicle cells. Analysis at high magnification (C-C”) shows
that DSANS localizes to cytoplasmic dot-like structures. Phalloidin (red) staining is also shown.
Bar, 10 µm (A-B”) and 5 µm (C-C”).
.
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§3.9 YFP-DSANS expression does not alter follicle cell microvilli and is detected on
enlarged apical dot-like structures.
To analyze DSANS function, I generated several transgenic flies (see fig. 27D for
summary), containing the transgenes UAS-DSANS, UAS-Mm SANS, UAS-YFP-DSANS,
UAS-CER-DSANS, UAS-DSANS*, UAS-DSANS-ANK, UAS-DSANS-LINK and UAS-
SAM (see materials and methods). It has been previously shown that overexpression of
Cad99C elongates microvilli in a concentration dependent manner (D'Alterio et al., 2005)
and increases microvilli bundling (Schlichting et al., 2006). I therefore wondered whether
overexpression of DSANS would also affect microvilli morphology.
To this purpose, using the UAS/Gal4 system (Brand and Perrimon, 1993), I generated
clones in the follicular epithelium expressing YFP-DSANS and cytosolic GFP, in order
to better identify the cells with ectopic expression of the UAS-YFP-DSANS transgene
(Fig. 27A-C”).
Fig. 27 Overexpression of YFP-DSANS does not overtly alter follicle cell microvilli
A-C”) Different magnifications of stage 10 egg chambers containing mosaic follicular epithelia, with wild
type cells (black) and cells expressing cytosolic GFP together with a YFP tagged version of DSANS (dark
green). Microvilli are identified by phalloidin staining (red). No significant differences in microvilli length
can be seen, comparing wild type with YFP-DSANS overexpressing flies. Note that faint green staining
(eg. cells on the left in micrograph C’) refers to overexpressing cells in a different focal plane.
D) Summary of DSANS transgenic flies. Apart YFP-DSANS transgenic flies, I have generated flies
expressing: 1) untagged version of DSANS, 2) untagged version of Mm SANS, 3, 4) YFP- and CER-
tagged versions of DSANS, 5) a point-mutated version of DSANS, S514Y, determining a PDZ binding site
class switch, 6) a deleted mutant version having only the N-terminus and ankyrin repeats, 7) a deleted
mutant version lacking the C-terminal SAM domain, 8) a mutant form expressing the C-terminal SAM
D
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domain. Numbering from 1 to 8 refers to the order from top to bottom. Bar, 20 µm (B-B”) and 10 µm (C-
C”).
Mosaic follicular epithelia were therefore containing wild type cells (no green stain) and
cells overexpressing YFP-DSANS simultaneously with cytosolic GFP (green stain, Fig.
27A”, B” and C”). Microvilli were visualized by phalloidin staining (Fig. 27A, B, C).
Confocal analysis of mosaic follicular epithelia revealed that microvilli, as identified by
phalloidin staining, were not overtly modified in cell overexpressing YFP-DSANS and
had apparently similar length to microvilli of wild type cells (compare bright green and
black cells in B-C”), suggesting that an ectopic increase in DSANS expression is not
sufficient to promote microvilli growth.
I next wanted to analyze the localization of YFP-DSANS in overexpressing cells. In this
case I generated mosaic follicular epithelia expressing YFP-DSANS alone, not in
combination with GFP as previously done. I then immunodetected YFP-DSANS by using
an anti-GFP antiserum. Similar to the endogenous DSANS, the fusion protein YFP-
DSANS localized diffusively to the cytoplasm and to intracellular dot-like structures,
possibly corresponding to vesicles (Fig. 28A-C).
However, comparing the immunostainings relative to the endogenous DSANS and to
YFP-DSANS I noticed that dot-like structures are enlarged, in comparison with similar
structures of wild type cells. This finding suggests that not only DSANS localized to dot-
like structures, possibly corresponding to vesicles, but that its overexpression could
modify the morphology of these structures.
Fig. 28 YFP-DSANS is detected in enlarged dot-like structures.
Top (A) and lateral views (B, C) of follicle cells expressing YFP-DSANS. YFP-DSANS is
immunodetected in dot-like structures and in the cytoplasm. Note that YFP-DSANS positive dot-like
structures are mainly apical and are enlarged in comparison with dot-like structures in Fig. 26. White line in
C separates the clone of cells expressing YFP-DSANS (left in the micrograph) from wild type cells (right).
Bar, 20 µm (A) and 10 µm (B-C”).
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DISCUSSION
§4.1 Discussion results part §1.
In this study, I provide several lines of evidence suggesting a role for the cadherin
Cad99C in establishing or maintaining the morphology of the microvilli present on the
apical surface of follicle cells surrounding the oocyte in Drosophila. First, Cad99C RNA
and protein are present in follicle cells surrounding the oocyte at a time when these cells
display long microvilli. Second, Cad99C protein localizes to follicle cell microvilli.
Third, mutations in Cad99C lead to disorganized and abnormal microvilli. Fourth,
overexpression of Cad99C results in large bundles of microvilli. This study, as well as a
recently published study (D'Alterio et al., 2005), thus reveals a novel role for a cadherin
family member during Drosophila development.
Cad99C localizes to follicle cell microvilli
Follicle cells surrounding the oocyte display microvilli whose lengths are
developmentally regulated. The onset of Cad99C expression in most follicle cells
correlates with the appearance of long microvilli. At stage 10, when long microvilli are
most prominent, we demonstrate by immunoelectron microscopy that Cad99C localizes
to, and is enriched on, follicle cell microvilli.
Localization to microvilli is not typical of many cadherins, and Cad99C is so far the only
cadherin in Drosophila that has been localized to microvilli. It is noteworthy that, even in
vertebrates, only a few cadherins have been localized to microvilli or microvilli-derived
cellular extensions. Among them are PCDH15 and cadherin 23 (CDH23), two cadherins
that localize to stereocilia, which are microvilli-derived extensions of cochlear hair cells
important for auditory perception in vertebrates (Ahmed et al., 2003; Boeda et al., 2002;
Lagziel et al., 2005; Michel et al., 2005; Rzadzinska et al., 2005; Siemens et al., 2004).
Both PCDH15 and CDH23 are etiologically associated with non-syndromic deafness and
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Usher syndrome type 1, a disease characterized by hearing loss, vestibular dysfunction
and retinopathy (Ahmed et al., 2001; Alagramam et al., 2001b; Bolz et al., 2001; Bork et
al., 2001; Di Palma et al., 2001). Stereocilia normally display an ordered, staircase-like
arrangement on the surface of hair cells and are held together by several molecular links
(reviewed by Frolenkov et al., 2004). In the absence of PCDH15, stereocilia do not
display their normal ordered arrangement, and are instead splayed (Alagramam et al.,
2001a; Seiler et al., 2005). On the basis of its localization and mutant phenotype, it has
been proposed that PCDH15 bundles stereocilia by providing adhesive links between
their lateral membranes (Ahmed et al., 2003). I find, using bioinformatics, that Cad99C is
closely related to PCDH15, indicating that insects and vertebrates have employed related
cadherins to organize some microvilli-like cellular extensions. These results also indicate
that the organization of cellular extensions might be a more general function of cadherins
not restricted to stereocilia.
Cad99C is required for the normal morphology of follicle cell microvilli
I present several lines of evidence indicating that Cad99C is required for establishing or
maintaining the normal morphology of follicle cell microvilli. First, regular-spaced CD8-
GFP-labeled protrusions present in control follicle cells were not detected in follicle cells
of Cad99C mutant flies. Second, in clones of follicle cells mutant for Cad99C57A/57A,
we failed to detect the prominent regular-spaced stripes of Phalloidin staining detected in
between the oocyte and control Cad99C57A/+ follicle cells. The latter result indicates
that Cad99C is required for normal microvilli morphology in follicle cells, consistent
with the finding that Cad99C localizes to microvilli of follicle cells rather than the
oocyte. The failure to detect regular-spaced CD8-GFP-labeled protrusions or Phalloidin
stripes between follicle cells and the oocyte by confocal microscopy in Cad99C mutant
flies suggests that the morphology of microvilli is altered. For example, microvilli either
may be mis-oriented so that they come to lie more parallel and closer to the surface of the
follicle cells, or microvilli may be shorter. The frequent detection of microvilli located
between the vitelline bodies and the planar follicle cell surface in Cad99C mutant flies by
electron microcopy (Fig. 4H) indicates that follicle cell microvilli are misoriented.
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Fig. 29 Model for Cad99C function.
Cad99C is present on follicle cell microvilli and, through its extracellular cadherin repeats, could establish
molecular links to the extracellular matrix, to Cad99C or to a different heterophilic binding partner on a
neighboring microvillus, or to a protein located on the oocyte surface. These molecular links could stabilize
or promote the assembly of microvilli by providing physical adhesion of the microvilli to a target and/or
signaling to the cytoskeleton.
Microvilli and the vitelline membrane
The vitelline membrane is unevenly deposited in Cad99C mutants. How does Cad99C
present on follicle cell microvilli affect the assembly of the vitelline membrane? Follicle
cell microvilli are closely apposed to vitelline bodies, consistent with the idea that
microvilli might play a role in vitelline membrane assembly. The uneven deposition of
the vitelline membrane in Cad99C mutant ovaries might therefore be a consequence of
abnormal microvilli. Microvilli could play one of several potential roles during vitelline
membrane assembly. First, microvilli might serve as sites of secretion for vitelline
membrane components or proteins required for vitelline membrane assembly. However,
secretory vesicles containing the vitelline membrane proteins sV17 and sV23 are
predominantly distributed within the apical region of the follicle cells excluding the
microvilli (Trougakos et al., 2001, and data not shown). Second, the microvilli of follicle
cells and the oocyte are in close proximity; thus, one role of follicle cell microvilli might
be that they mediate signaling between the oocyte and follicle cells important for vitelline
membrane assembly. Consistent with a role of the oocyte in vitelline membrane
assembly, mutations in the genes fs(1)Nasrat and fs(1)polehole, which encode proteins
secreted by the oocyte, lead to vitelline membrane defects similar to those observed in
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Cad99C mutants (Degelmann et al., 1990; Jimenez et al., 2002). Finally, microvilli might
provide a scaffold in which vitelline bodies form and thus could help to separate
individual vitelline bodies and to constrain or maintain their sizes. In the absence of
Cad99C, the disorganized and abnormal microvilli may not sufficiently physically
separate individual vitelline bodies, resulting in some inappropriately sized vitelline
bodies and ultimately in the formation of an uneven vitelline membrane.
Models for Cad99C function
How could Cad99C play a role in the formation or maintenance of normal follicle cell
microvilli? Cadherins are known to provide molecular links between plasma cell
membranes [and sometimes between cell membranes and the extracellular matrix
(Senzaki et al., 1999)] through homophilic or heterophilic binding of the extracellular
cadherin repeats on adjacent plasma membranes and the interaction of their intracellular
region with the cytoskeleton (Gumbiner, 2005; Patel et al., 2003). These links are
important for physical adhesion and/or cell-to-cell signaling (Wheelock and Johnson,
2003). Cad99C may, therefore, constitute a molecular link used to stabilize or promote
the assembly of follicle cell microvilli by providing physical adhesion of the microvilli to
a target and/or signaling to the cytoskeleton. The finding here presented, that the
extracellular region of Cad99C fused to its transmembrane domain is sufficient to
promote the formation of large microvilli bundles, indicates that the intracellular region
of Cad99C might be dispensable for this function of Cad99C, and that Cad99C might
mainly act through its extracellular region. Therefore, a direct interaction between
Cad99C and the cytoskeleton may not be important. However, Cad99C may indirectly
interact with the cytoskeleton, for example by binding with its extracellular region to a
cytoskeleton-linked transmembrane protein.
If Cad99C does serve as a molecular link, it could establish, through its extracellular
cadherin repeats, a molecular link to three different targets (Fig. 29). First, Cad99C
present on follicle cell microvilli might interact with a component of the vitelline
membrane. Second, Cad99C molecules present on neighboring follicle cell microvilli
might interact homophilically with one another or heterophilically with a different
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binding partner, resulting in the crosslinking or bundling of microvilli [as shown by
electron microscopic preparations of wild-type ovaries that demonstrated several follicle
cell microvilli in close proximity (e.g. Fig. 6C)]. On the basis of this model, microvilli
bundles would be less efficiently formed or maintained in Cad99C mutants, resulting in
the destabilization or misorientation of microvilli, whereas overexpression of Cad99C
would result in abnormally large bundles of microvilli. Indeed, misoriented follicle cell
microvilli were detected in Cad99C mutant flies and abnormally large bundles of
microvilli were detected upon overexpression of Cad99C in follicle cells. In this scenario,
the role of Cad99C would be mechanistically similar to the proposed function of
PCDH15 in bundling human stereocilia (Ahmed et al., 2003). Finally, follicle cell
microvilli closely approach the surface of the oocyte and form gap junctions with the
oocyte (Mahowald and Kambysellis, 1980). Thus, as a third potential target, Cad99C
might provide a molecular link between follicle cell microvilli and the oocyte by
interacting with a protein located at the oocyte plasma membrane. This interaction would
most probably be heterophilic, as we have been unable to immunolocalize Cad99C to the
oocyte plasma membrane. In this model, the absence of Cad99C would cause follicle cell
microvilli to no longer be efficiently linked to the oocyte, leading to their destabilization
and/or mis-orientation. By contrast, overexpression of Cad99C in follicle cells could
further stabilize microvilli at the surface of the oocyte, resulting in the observed roof-like
structures (Fig. 6B). It might be advantageous to employ heterophilic rather than
homophilic interactions to link follicle cell microvilli to the oocyte as the presence of
homophilic adhesion molecules on microvilli might result in an excess of bundling of
microvilli. The identification of proteins interacting with Cad99C could help reveal the
target(s) of Cad99C and, in addition, help further elucidate the function of Cad99C on
microvilli.
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§4.2 Discussion results part §2.
Cell protrusions are a common attribute of most cell types and play fundamental roles in
development and disease. Protrusions often make contacts to other membranes, either
protrusions of the same or adjacent cell, or to the non-protruding membrane of another
cell (Bryant, 1999; Demontis, 2004; Rorth, 2003). However, how protrusions are formed
and how they establish and maintain contacts to other membranes is only beginning to
emerge.
In the section §1 of the results I provided some evidence that Cad99C is required for
normal morphology of microvilli of follicle cells. Here, I provide evidence that cadherin
Cad99C is involved in aspects of both the formation and the connection of apical wing
imaginal disc protrusions. Elevated levels of Cad99C in imaginal disc cells lead to
elongated microvilli and the induction of apical luminal protrusions indicating a role for
Cad99C in the formation of apical protrusions. The presence of Cad99C-GFP, a member
of the cadherin family of cell adhesion molecules, on transluminal protrusions suggests a
role for this molecule in forming or maintaining the normal contacts between these
protrusions and their target cells. Interestingly, I reported in section §1 of the results that
Cad99C is the Drosophila ortholog of human Protocadherin 15, a protein localizing to the
lateral membranes of cochlea hair cell stereocilia that has been proposed to bundle
stereocilia by providing adhesive contacts between them (Alagramam et al., 2001a;
Kraemer and Yap, 2003).
Cad99C-HA overexpression promotes microvilli elongation
It has been shown previously that G-actin diffusion and polymerization is a driving force
for microvilli elongation in cultured cells (Marshall, 2004). Further, actin bundling
proteins such as Espin, when expressed in cell types normally devoid of it, promote
microvilli elongation (Loomis et al., 2003). Interestingly, overexpression of Cad99C-HA
in wing imaginal disc cells also led to a significant elongation of microvilli (Fig. 9C-E).
Thus, Cad99C-HA overexpression could promote the elongation of microvilli in this
tissue by influencing the balance between diffusional flux of actin to the microvilli tip
and the rate of actin polymerization. For example, Cad99C could alter this balance by
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recruiting an actin bundling protein to microvilli. Interestingly, human Protocadherin 15
and Cadherin 23, another non-classical cadherin also associated with Usher syndrome
type I, recruit through their PDZ-binding sites the actin bundling protein Harmonin-b
(Adato et al., 2005; Boeda et al., 2002; Siemens et al., 2002). This raises the possibility
that overexpression of Cad99C promotes microvilli elongation by recruiting an actin
bundling protein through its C-terminal PDZ-binding site. As the length of microvilli
from Cad99C57A/57A mutant wing imaginal discs was, however, not significantly different
from control wing imaginal discs, Cad99C does not seem to be required to form and
maintain microvilli of normal length (Fig. 15).
Transluminal, microvilli-like protrusions of the wing imaginal disc columnar
epithelium
Microvilli are a paradigm for apical cell protrusions of epithelia (Al-Awqati et al., 2003).
However, several additional cell protrusions in epithelia, some of which can only be
detected in living tissues, have been identified (Cho et al., 2000; Chou and Chien, 2002;
Gibson and Schubiger, 2000; Ramirez-Weber and Kornberg, 1999; Rorth, 2003). I tested
whether Cad99C also localizes to protrusions in living wing imaginal discs. Several cell
protrusions have been described in wing imaginal discs including apical planar
protrusions of the columnar epithelium (De Joussineau et al., 2003; Milan et al., 2001;
Ramirez-Weber and Kornberg, 1999; Ramirez-Weber and Kornberg, 2000; Rorth, 2003)
and cell protrusions arising from the squamous epithelium directed towards the columnar
epithelium (Cho et al., 2000; Gibson and Schubiger, 2000). It has been proposed that the
latter protrusions connecting the squamous with the columnar cells could mediate the
exchange of instructive signals, which are important for proliferation and patterning of
imaginal discs, between the two apposed epithelia (Gibson and Schubiger, 2001).
However, these protrusions were detected mainly in the hinge and notum, but not in the
pouch region of the wing imaginal disc that gives rise to the adult wing (Gibson and
Schubiger, 2000; Pallavi and Shashidhara, 2003). It was therefore uncertain whether
squamous wing imaginal disc cells could also exchange signals with the underlying
columnar pouch cells through protrusions.
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To identify protrusions, I expressed a membrane-tethered form of GFP, CD8-GFP, in
wing imaginal discs, recorded live confocal images, and prepared 3D-renderings of the
tissue (Fig. 13). Consistent with a previous report (Gibson and Schubiger, 2000), I
observed, in the notum and hinge regions of the wing imaginal disc, cell protrusions
arising from the perinuclear area of squamous cells that were directed towards the
columnar epithelium (data not shown). In addition, I identified protrusions made by
columnar cells that passed through the lumen of the wing imaginal disc and apparently
contacted squamous cells (Fig. 13). I refer to these protrusions as transluminal,
microvilli-like protrusions of columnar cells. Unlike the previously described protrusions
of squamous cells, the transluminal protrusions of columnar cells were abundant in the
notum, hinge, and pouch region of the wing imaginal disc (Fig. 13A-C,E-H’). This
suggests that columnar cells and squamous cells within the wing pouch might also be
able to exchange signals through protrusions. Several protrusions have been proposed to
deliver signals between different cell populations (Bryant, 1999; Cho et al., 2000; De
Joussineau et al., 2003; Demontis, 2004; Gibson and Schubiger, 2000; McClay, 1999;
Milan et al., 2001; Rorth, 2003; Salas-Vidal and Lomeli, 2004) and, in some cases, the
signaling molecules are transported within vesicles inside the protrusion (Chou and
Chien, 2002; Ramirez-Weber and Kornberg, 1999; Rustom et al., 2004). Consistent with
the idea that the transluminal protrusions of columnar cells might mediate
communication between columnar and squamous cells by transporting signaling
molecules on vesicles, I observed thickenings within these protrusions with diameters
resembling the sizes of vesicles (Fig. 13I-I’). In addition to thickenings, the transluminal
protrusions of columnar cells are characterized by the presence of enlarged terminal tips
which come in close contact to squamous cells (Fig. 13F,F’,I,I’). None of these
morphological features is shared by microvilli that are usually observed by electron
microscopy, indicating that the transluminal protrusions of columnar cells are distinct
from microvilli. However, it is possible that in vivo microvilli do have enlarged tips and
contact squamous cells, but upon fixation and processing for electron microscopy these
morphological features are altered. I thus cannot exclude the possibility that the
protrusions arising from the columnar epithelium and here referred to as “transluminal
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protrusions of columnar cells” are microvilli. Consistent with this hypothesis, I observed
that the microvilli markers Cad99C-GFP and Dprominin-like-GFP, when expressed in
wing imaginal discs, localized to these transluminal protrusions (Fig. 14C,C’ and data not
shown).
Cad99C-GFP expression induces planar luminal protrusions
The localization of Cad99C to apical protrusions suggests a role for Cad99C related to
the biogenesis, connectivity, or function of protrusions. Expression of Cad99C-HA in
columnar wing imaginal discs led to an increased length of microvilli (Fig. 9C-E). In
addition, I observed apical protrusions of various sizes within the lumen of wing imaginal
discs when Cad99C-HA or Cad99C-GFP was expressed in columnar cells (Fig. 10A-
B,I,L). Interestingly, some of these planar luminal protrusions had enlarged tips,
resembling transluminal protrusions, and appeared to contact neighboring columnar cells
(Fig. 10A,A’). The induction of these protrusions seemed to be specific for Cad99C (Fig.
10C-D’) since overexpression of two other cadherins (Fig. 10E-F’) or two further
transmembrane proteins (Fig. 10G-H’) did not result in a similar phenotype. On the other
hand, similar protrusions were observed upon expression of Cad99C-HA in leg, haltere,
and eye imaginal discs as well as the embryonic epidermis (data not shown), suggesting
that the ability of Cad99C to induce planar luminal protrusions is not tissue specific.
Several, non-exclusive, possibilities could account for the presence of these planar
luminal protrusions. First, some of these protrusions could be misoriented pre-existing
transluminal protrusions that, instead of contacting squamous cells, either do not make
contact or contact instead columnar cells. This misorientation may be caused by the
interference of elevated Cad99C levels with the normal docking of transluminal
protrusions to squamous cells. Based on the known property of classical and non-
classical cadherins to provide adhesive interactions between cells (Frank and Kemler,
2002; Shapiro et al., 1995; Suzuki, 1996; Suzuki, 2000; Takeichi, 1991) and my
observation that Cad99C-GFP localizes to transluminal protrusions, Cad99C may provide
some aspects of the docking of transluminal protrusions to squamous cells by interacting
with molecules on the squamous cells. However, since transluminal protrusions of
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columnar cells can contact squamous cells in Cad99C57A/57A mutant wing imaginal discs
(Fig. 15), Cad99C must not be essential for the docking of transluminal protrusions.
Since I did not detect Cad99C in squamous cells (data not shown), this interacting
molecule might be another cadherin specifically expressed in the squamous epithelium. If
these adhesive ligands for Cad99C on the squamous cells would be present in limiting
amounts but establish strong adhesive interactions with Cad99C, the transluminal
protrusions would normally exclusively make contact with squamous cells. However,
when Cad99C is overexpressed in the columnar epithelium, the protrusions may establish
less strong, but far more abundant and thus favorable, interactions with Cad99C present
on columnar cells and thus be re-oriented towards the columnar epithelium. Interestingly,
the Drosophila non-classical cadherins Fat and Dachsous have recently been shown to
make preferentially strong heterophilic, but only weak homophilic adhesive interactions
(Matakatsu and Blair, 2004). A second possibility for the generation of planar luminal
protrusions by the overexpression of Cad99C is that these planar luminal protrusions
arise from the stabilization or elongation of pre-existing short protrusions (De Joussineau
et al., 2003). Finally, planar luminal protrusions could arise de novo from the non-
protruding apical plasma membrane.
My analysis indicates that Cad99C may be involved in two processes: The biogenesis of
apical cell protrusions by columnar cells and the docking of these protrusions to the
squamous epithelium. These two processes might be interconnected. The docking of
protrusions to their target cells may generate a signal that down-regulates the machinery
promoting the elongation of protrusions thereby assuring that protrusions are of proper
length. Connecting cellular protrusions to another cell layer may be mechanistically
similar to inter-connecting protrusions as occurs during the bundling of cochlea hair cell
stereocilia, a process involving Protocadherin 15 (Alagramam et al., 2001a; Kraemer and
Yap, 2003), the human homolog of Drosophila Cad99C (see section §1 of results). It is
thus conceivable that not only the amino acid sequences of Cad99C and Protocadherin 15
have been conserved through evolution, but also part of their molecular function.
86
§4.3 Discussion results part §3
Modeling human Usher syndrome during Drosophila oogenesis
Recently two Drosophila melanogaster genes, crinkled and Cad99C, were reported to be
orthologous respectively to human Usher syndrome genes myosin VIIa (Todi et al., 2005)
and protocadherin 15 (D'Alterio et al., 2005; Schlichting et al., 2006). Functional
characterization of Cad99C at the cellular level during ovarian development has
pinpointed a role in the correct morphogenesis of follicle cell microvilli, suggesting that
Cad99C and protocadherin 15 could play an evolutionary conserved role in organizing
apical microvilli-like extensions (Ahmed et al., 2003a; D'Alterio et al., 2005; Schlichting
et al., 2006).
Drosophila melanogaster has been used as a model system to study several human
diseases and it was therefore proposed that ovarian development and the morphogenesis
of follicle cell microvilli could potentially be used to model human Usher syndrome
(Hardin, 2005). I therefore addressed the possibility that also DSANS and crinkled,
orthologous to human Usher syndrome SANS and myosinVIIa, could be involved in
some aspects of the morphogenesis of the follicular epithelium.
Interestingly, the Drosophila related Usher syndrome genes crinkled, Cad99C,
CG5921and DSANS are expressed in the follicular epithelium (Fig. 18), including the
stages where microvilli undergo dynamic changes. This finding is of interest because it
supports the notion that the follicular epithelium can be used to study Usher syndrome.
Further, it is remarkable that crinkled and DSANS are specifically expressed in follicle
cells at stage 9-10a, when microvilli reach the longest length. This suggests that they
could contribute to the process of microvilli elongation. The finding that crinkled and
DSANS expression ceases at stage 10b-11 is somehow consistent with this idea, as at
stage 11 microvilli have already started the progressive shortening that will ultimately
lead to their disappearance in the later stages of oogenesis.
To test this hypothesis, I generated DSANS null mutant alleles (Fig. 20) and analyzed by
confocal microscopy stage 10 egg chambers from wild type, crinkled and DSANS mutant
87
flies (Fig. 21). Microvilli, as identified by phalloidin staining, were however not overtly
altered (Fig. 22).
It is known that mutation in one of the human Usher syndrome genes is sufficient to alter
stereocilia, microvilli-like protrusions of the inner ear cells. The fact that removal of
Cad99C impairs microvilli morphogenesis in the follicular epithelium suggested that
microvilli in this tissue are somehow related to human inner ear stereocilia, even if they
have morphological differences.
Why then mutations in the Drosophila ortholog crinkled and DSANS only partially affect
the morphogenesis of microvilli of the follicular epithelium?
One possible explanation would be that stereocilia are more sensible to alteration than
microvilli of the follicular epithelium. Consistent with this idea, the length and spatial
arrangement of stereocilia into coherent bundles is tightly controlled and even little
defects can results in various degrees of deafness. On the other hand, microvilli of follicle
cells are more robust structures, shorter in length and with a less elaborate spatial
arrangement than that of the inner ear stereocilia. Minor alterations of follicle cell
microvilli in crinkled and DSANS mutants could therefore have no physiological
relevance and could be also more difficult to detect due to the shorter length and less
precise organization of these microvilli.
DSANS is required for efficient delivery of Cad99C to microvilli of follicle cells
Microvilli are not overtly altered in DSANS mutant follicle cells. However,
immunostaining with an anti-Cad99C antiserum revealed that Cad99C levels are
decreased in microvilli of DSANS mutant follicle cells (Fig. 22).
Comparing by western blot the cellular amount of Cad99C in mutant and control egg
chambers, no significant difference was observed (Fig. 23). On the other hand, confocal
analysis at high magnification revealed that Cad99C is partially mislocalized in DSANS
mutant follicle cells: in fact a pool of Cad99C is detected outside microvilli and
colocalizes with the apical non protruding membrane (Fig. 24).
These observations suggest that DSANS is required for the efficient delivery of Cad99C
to microvilli. In the absence of DSANS, Cad99C is relocated to vesicle-like
compartments underneath or on the apical plasma membrane and in other intracellular
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regions. However, a fraction of Cad99C still localizes to microvilli, suggesting that
several routes can be used to this purpose. It is known that Cad99C mutant flies have
defects in the deposition of the vitelline membrane and, as a consequence, are female
sterile. Instead, I observed here that DSANS mutant flies are female fertile. One possible
explanation would be that the amount of Cad99C delivered to microvilli in the absence of
DSANS is sufficient to organize microvilli or to provide the signaling cues required for a
proper execution of vitellogenesis. Alternatively, also the mislocalized Cad99C
molecules could be able to provide the cues relevant for vitellogenesis. Therefore it is
possible that a partial Cad99C redistribution has no physiological relevance. Consistently,
Cad99C57/+ heterozygous mutant flies, where Cad99C levels are decreased, are also
fertile.
In conclusion, the finding here reported, that in the absence of DSANS Cad99C is
inefficiently delivered to microvilli, is of importance, as it indicates what could be the
molecular function of DSANS.
DSANS associates with vesicle-like compartments. Models of DSANS function
DSANS is a cytoplasmic protein. How could DSANS modulate Cad99C delivery to
microvilli?
Immunostaining of stage 10 egg chambers with an anti-DSANS antiserum reveals that
DSANS is a cytoplasmic protein that partially localizes to dot-like intracellular structures,
possibly corresponding to vesicles (Fig. 25, 26). These findings therefore suggest that
DSANS is required for the efficient delivery to microvilli of Cad99C possibly regulating
vesicle trafficking. It will be necessary to test various vesicle markers (for example Rab5,
7, 11, Hcr and Golgi markers) to better define the molecular nature of these vesicle-like
compartments.
These findings however suggest that DSANS could regulate trafficking of vesicles en
route to the apical membrane at several steps, including the biogenesis, docking and zip
code. The observation that overexpression of YFP-DSANS associates with the presence
of enlarged intracellular vesicles (Fig. 28) further suggest that DSANS could be involved
in vesicle biogenesis and trafficking.
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There are however alternative models. Another possibility would be that DSANS is
involved in establishing interactions between Cad99C-transporting vesicles and the apical
cytoskeleton. Interaction with the cytoskeleton is necessary for proper membrane
delivery (De Matteis and Morrow, 1998). In this respect, it has been recently shown that
interactions between endocytic vesicles and the spectrin cytoskeleton are required for
proper delivery of vesicles to the apical brush border of Drosophila gut epithelial cells
(Phillips and Thomas, 2006). DSANS has several, evolutionary conserved motifs and
domains. Among them, the most conserved are the three N-terminal ankyrin repeats. The
ankyrin repeats are scaffolding domains involved in protein-protein interaction. It is well
known that ankyrin repeats can physically interact with spectrins and both ankyrin and
spectrin are involved in vesicle trafficking in epithelial cells (Bennett and Chen, 2001; De
Matteis and Morrow, 1998; Hryniewicz-Jankowska et al., 2002; Rubtsov and Lopina,
2000). It is therefore tempting to speculate that DSANS could associate with apical
vesicles and transmembrane proteins that are part of their cargo. Ultimately, a cortical
layer of DSANS could establish interactions for example with the spectrin and actin
cytoskeleton and thus mediate a proper delivery of the vesicle cargo (for example,
Cad99C and possibly other microvilli component).  Rescue of improper Cad99C
localization to microvilli using the transgenes encoding truncated forms of DSANS will
help in underpinning its molecular function (Fig. 27D).
In conclusion, the analysis here performed, indicates that the Drosophila follicular
epithelium can be a useful model system to understand some of the cell and molecular
mechanisms of ethiology of Usher syndrome. The study that I here presented indicates a
novel function for DSANS, the Drosophila melanogaster ortholog of human Usher
syndrome SANS (USH1G). Given the high sequence similarity between Drosophila and
human SANS, I speculate that this function is also conserved across evolution and that
human SANS is normally required for proper delivery of Protocadherin15 (human
ortholog of Drosophila Cad99C) to stereocilia. Therefore, I speculate the stereocilia
defects in Usher syndrome patients with mutations in the SANS gene arise by inefficient
delivery of Protocadherin 15 to stereocilia. As I mentioned before, stereocilia length and
spatial arrangement into a coherent bundle is tightly controlled. I therefore envision that
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even a partial misdelivery of Protocadherin 15 could results in profound stereocilia
defects and ultimately in deafness.
91
ACKNOWLEDGEMENTS
I would like to thank my P.I. Christian Dahmann for offering me the interesting
opportunity to perform this doctoral project in his group. I am also grateful to all lab
members, past and present, for constructive discussions and a nice working atmosphere.
I acknowledge that Michaela Wilsch-Bräuninger performed the electron microscopy
analysis in sections §1 and §2 of the results and that Karin Schlichting contributed the
egg shell analysis and part of the light microscopy results in section §1.
My thanks go to Suzanne Eaton and the members of my TAC committee, Wieland
Huttner and Bernard Hoflack, for interesting discussions on my work. I would also like to
further thank Bernard together with Elisabeth Knust for kindly agreeing to review this
thesis.
I am in debt with all the people that helped me in developing my scientific skills and
made me enjoy my living in Dresden over the past four years.
I dedicate this thesis to my family, Myriam and the friends that always supported me.
92
MATERIALS AND METHODS
Molecular cloning and fly stocks
The UAS-Cad99C-HA transgene was generated by cloning a cDNA containing 93 base pairs of the 5’
untranslated region (splice variant A) and the entire coding sequence of Cad99C (Schlichting et al., 2005)
5’ to, and in frame with, a triple HA epitope encoding sequence derived from the influenza virus
hemagglutinin protein HA1 (Wilson et al., 1984) and inserting the construct into pUAST (Brand and
Perrimon, 1993). The UAS-Cad99C-GFP transgene was generated by cloning a cDNA containing 93 base
pairs of the 5’ untranslated region (splice variant A) and the entire coding sequence of Cad99C (Schlichting
et al, manuscript submitted) 5’ to, and in frame with, the coding sequence for enhanced green fluorescence
protein (EGFP, Clontech, Palo Alto, CA) and inserting the construct into pUAST (Brand and Perrimon,
1993). The UAS-Cad99C-EXTRA-HA transgene was generated by amplifying by PCR the coding sequences
for amino acids 1 – 1419 of Cad99C, comprising the extracellular and transmembrane regions, using the
primers 5’-CGGGGTACCATAACCTTTGTTAACGGCG TGTGACTCC-3’ and 5’-
TTGGCGCGCAGAGATGCATATGTAAATGATGCCCAGG-3’ (the underlined sequences are KpnI and
BssHII restriction sites used for cloning). The PCR product was then cloned 5’ to, and in frame with, the
triple HA epitope encoding sequence and inserted into pUAST. For generating the UAS-Cad99C-INTRA-
HA transgene two different PCR reactions were performed. First, the coding sequence for amino acids 1-
36 of Cad99C, containing the signal peptide (amino acids 1-29) and a spacer region (amino acids 30-36),
was amplified using the primers GGGGTACCTGTTAACGGCGTGTGACTCC-3’ and 5’-
CCGGAATTCTTCC ACTTCGCACATCTGCGACTTGCCC-3’ (the underlined sequences are KpnI and
EcoRI restriction sites used for cloning). Second, the coding sequence for amino acids 1397-1706 of
Cad99C, containing the transmembrane and cytoplasmic domains, was amplified using the primers
5’CCGGAATTCCCCTTCA CTCTGATTGCCATATC-3’ and 5’-GCTCGAATTCAAGCTTTCAG
CTAGC-3’ (the underlined sequences are EcoRI restriction sites used for cloning). The two PCR products
were then cloned 5’ to, and in frame with, the triple HA epitope encoding sequence and inserted into
pUAST. To generate the Dprominin-GFP transgenic flies, I amplified by PCR the coding sequence of the
Drosophila Prominin-like gene and fused 5’ and in frame with the EGFP coding sequence.
For each of the transgenes the correct nucleotide sequences of the cloned PCR products were confirmed by
sequencing, prior to injection into y1 w1118 embryos to obtain transgenic flies. Other fly stocks used in this
work include: Cad99C57A and FRT82 Cad99C57A (Schlichting et al., 2005); Cad99C51C, Cad99C120B,
Cad99C248A (Schlichting et al. 2006), CY2 (Queenan et al., 1997); en-GAL4-33 (see
http://flybase.bio.indiana.edu for description); ap-GAL4 (Calleja et al., 1996); UAS-mCD8-GFP (Lee and
Luo, 1999); Act5C>CD2>GAL4 (Pignoni and Zipursky, 1997); UAS-fj (Zeidler et al., 1999), UAS-DE-
CAD (Sanson et al., 1996); UAS-crb-mini30.1.2e (Wodarz et al., 1995); UAS-ds (GE16163, GenExel, Inc.);
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GE21034 and GE23478 (GenExel). The generation of mutant Cad99C alleles was described previously
(Schlichting et al., 2005). Cad99C57A and Cad99C248A were derived from GE21034; Cad99C51C and
Cad99C120B were derived from GE23478. The alleles Cad99C51C, Cad99C120B and Cad99C248A
contain genomic deletions spanning from 3572 bp 5' to 7174 bp 3', 4999 bp 5' to 75 bp 5', and 17980 bp 5'
to 156 bp 5' of the Cad99C translational start codon, respectively. Mutant alleles for CG13320 were
generated by imprecise excision of EP-elements (Rorth, 1996) using standard procedures. The starting EP-
element line was GE10371 (GenExel, Inc.), in which the EP-element is oriented with the UAS sites facing
away from the CG13320 coding sequence. The deficiency line used was Df(2R)CX1, wg12 b1 pr1/SM1
(Bloomington/442). DSANS 63, 245 and 254 are amorphic (null) alleles of CG13320 (DSANS).
DSANS 38 is a hypomorphic allele as a truncated form of DSANS is produced, probably due to an
alternative start site of translation (Kozak consensus sequence and ATG) that produces the C-terminal part
of the wild type protein. I have generated the transgenic flies carrying various DSANS transgenes
according to standard procedures. Briefly, the full length CG13320 cDNA was used to clone the DSANS
coding sequence in the pUAST vector (UAS-DSANS). Similar, the cDNA for Mm SANS was used as PCR
template to amplify the Mm SANS coding sequence, followed by cloning in the pUAST vector (UAS-Mm
SANS). For the UAS-CER-DSANS and UAS-YFP-DSANS transgenes, a sequence encoding EYFP or
cerulean was inserted 5’ to and in frame with the full-length DSANS coding sequence. For the UAS-
DSANS* transgene, a point mutation (S514Y) was generated that alters the PDZ binding site and
determines a PDZ binding site class switch. For the DSANS deletion mutants, the relevant part of the
coding sequence was PCR amplified and cloned 3’ and in frame to the cerulean (CFP) sequence, to obtain
the UAS-DSANS-LINK (lacking the SAM domain), the UAS-DSANS-ANK (comprising only the N-terminus
and the ankyrin repeats), the UAS-DSANS-SAM (comprising only the SAM domain and the C-terminus of
DSANS, with no N-terminal cerulean) transgenes. For each of the transgenes the correct nucleotide
sequences of the cloned PCR products were confirmed by sequencing, prior to injection into y1 w1118
embryos to obtain transgenic flies. Marked clones of mutant cells were generated by Flp-mediated mitotic
recombination (Golic and Lindquist, 1989; Xu and Rubin, 1993), subjecting flies once to a 34°C heat-shock
for 30 minutes 20 hours before dissection (wing imaginal discs), 35°C heat shock for 30 minutes
(Act5C>CD2>GAL4, follicle cells) or three times to a 38°C heat shock for 30 minutes (FRT82
Cad99C57A).
Immunohistochemistry
Ovaries dissected from adult flies were fixed and stained with the following primary antibodies: polyclonal
rabbit anti-Cad99C, 1:10,000 (Schlichting et al., 2005); polyclonal rabbit anti-sV17, 1:1000 (Pascucci et
al., 1996); polyclonal rabbit anti-sV23, 1:10,000 (Pascucci et al., 1996); polyclonal rabbit anti-S18, 1:1500
(Pascucci et al., 1996); polyclonal rabbit anti-S36, 1:1000 (Pascucci et al., 1996); rat anti-DE-cadherin
(DCAD2), 1:100 (Oda et al., 1994); and monoclonal mouse anti-GFP, 1:2000 (8362-1; Clontech).
Secondary antibodies, all diluted 1:200, were goat anti-mouse Alexa Fluor 488, goat anti-rabbit Alexa
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Fluor 488, goat anti-rabbit Alexa Fluor 594 (Molecular Probes), and donkey anti-rat (712095153; Jackson
ImmunoResearch). Rhodamine-Phalloidin (R-415; Molecular Probes) was used at a dilution of 1:200.
Images were recorded on a LSM510 Zeiss confocal microscope. Immunofluorescence staining of ultrathin
sections mounted on coverslips was performed as described previously (Wilsch-Bräuninger et al., 1997).
Preparations were imaged using a Zeiss Axioplan microscope equipped with a CCD camera (Diagnostic
Instruments).
Late third instar larvae were dissected in ice cold Ringer’s solution and fixed for 40 minutes at room
temperature in PEM solution (0.1 M PIPES, 2 mM MgSO4, 1 mM EGTA) with 4% formaldehyde and 0.1%
Triton X-100. Larval carcasses were washed in PBT (phosphate buffered saline, 0.1% bovine serum
albumine, 0.1% Triton X-100) and incubated with appropriate primary antibodies for one hour at room
temperature. Subsequently, larval carcasses were washed in PBT, blocked with PBT containing 5% heat-
inactivated goat serum and incubated with fluorophor conjugated secondary antibodies for one hour at
room temperature. Wing imaginal discs were then dissected out of the carcasses and mounted in 50%
glycerol, 0.1 M sodium carbonate pH 9 and PPDA (p-phenylene diamine, Sigma, Taufkirchen). Stained
tissues were observed with a ZEISS Laser Scanning Microscope 510 Meta (Carl Zeiss AG, Jena). Primary
antibodies used in this study were rabbit anti-Cad99C (1:10000; Schlichting et al., 2005), rabbit anti-GFP
(1:2000, Clontech 8372-1), mouse anti-Phosphotyrosine (anti-PY20, 1:500, BD Transduction Laboratories,
Palo Alto, CA), rabbit anti-HA (1:1500, sc-805, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-
Dlt (1:250, (Bhat et al., 1999), rat anti-DE-Cad (DCAD1 and DCAD2, 1:100 (Oda et al., 1994). Secondary
antibodies used were Alexa-488, Alexa-594 (Molecular Probes, Eugene, OR) and Cy5 (Jackson
ImmunoResearch, West Grove, PA) conjugated anti-rabbit, anti-mouse or anti-rat IgG (1:200).
The anti-DSANS antibody was generated by injecting host rabbits with a GST-DSANS fusion protein,
followed by immunopurification of the anserum using  a resin coupled to MBP-DSANS fusion protein
(protein expression, rabbit injection and serum immunopurification are a courtesy of David Drechsel,
Martine Ruer and Christoph Lorra). Anti-DSANS antiserum was used at the final concentration of 2 µg/ml.
Electron microscopy and image quantification
Ovaries were embedded in Embed 812 (Science Services) for standard electron microscopy as described
(Wilsch-Bräuninger et al., 1997). For immunogold labeling, the ovaries were embedded in Lowicryl HM20
(Science Services) as previously described (Wilsch-Bräuninger et al., 1997) using a Leica AFS device
(Leica Microsystems). For immunolabeling, the following antibodies were used: rabbit anti-Cad99C, 1:500,
pre-absorbed against ovaries from Cad99C57A/57A mutant flies (Schlichting et al., 2005); rabbit anti-sV17,
1:1000 (Pascucci et al., 1996); rabbit anti-S18, 1:1500 (Pascucci et al., 1996); and mouse anti-HA 12CA5,
1:1000 (Roche). Protein A coupled to 10 nm gold particles (Utrecht University, NL), or a goat anti-mouse
secondary antibody coupled to 12 nm gold particles (Dianova), was used to detect the primary antibodies.
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Sections were viewed on a Morgagni electron microscope (FEI Company). Egg chambers were staged
according to King (King, 1970).
For immunogold electron microscopy, wing imaginal discs from third instar larvae were dissected and
fixed in a mixture of 4% paraformaldeyde and 0.05% glutaraldehyde (Science Services, Munich) in
phosphate buffer, embedded in 10% gelatine and infiltrated in 2.3 M sucrose. Specimens were quickly
frozen in liquid nitrogen and cryosectioned with an Ultracut UCT/FCS microtome (Leica Microsystems,
Bensheim).  Cryosections were incubated with anti-Cad99 antibody (1:5000) and Protein A-coupled 10 nm
gold (University of Utrecht,  Netherlands) and contrasted with 0.3% uranyl acetate/1.8% methylcellulose
(Science Service, Munich; Sigma, Taufkirchen). For structural analysis, wing imaginal discs from third
instar larvae were dissected and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (Science Services,
Munich). The samples were postfixed with 1% osmium tetroxide for one hour at room temperature and
treated with 0.5% tannic acid (Science Services, Munich) at room temperature prior to dehydration through
a graded series of ethanol and infiltration with Embed-812 (Science Services, Munich). Sections were
poststained with uranyl acetate and lead citrate. Sections were viewed with a Morgagni transmission
electron microscope (FEI Company, Eindhoven, Netherlands). AnalySIS Pro 3.2 (Soft Imaging System,
Münster) was used to measure the length of microvilli. Statistical analysis was done using the Student’s t-
test performed at http://www.physics.csbsju.edu/stats/t-test_bulk_form.html.
Western blot of wing imaginal discs and ovarioles
Wing imaginal discs or ovarioles were collected and prepared for Western blot analysis as previously
described (Schlichting et al., 2005) and followed by blotting with appropriate primary antibodies (rabbit
anti-Cad99C, 1:1000, (Schlichting et al., 2005) and mouse anti-α-tubulin, 1:1000, Sigma T9026,
Taufkirchen) and secondary antibodies (HRP-conjugated goat anti-rabbit, 1:5000, Santa Cruz sc-2054 and
HRP-conjugated goat anti-mouse, 1:5000, Pierce #31430, Pierce Biotechnology, Rockford, IL). The optical
density of the bands was quantified as previously described (Iurlaro et al., 2004) using the NIH Image 1.62
program developed at the National Institutes of Health and available at http://rsb.info.nih.gov/nih-image/.
Neutral Red assay
The Neutral Red assay was performed as described previously (LeMosy and Hashimoto, 2000). The
variability in uptake of Neutral Red has been previously observed for other mutants (e.g. LeMosy and
Hashimoto, 2000) and has been attributed to differences in the age of the eggs or the efficiency of
dechorionation.
RNA in situ hybridization
Ovaries were dissected in PBS and fixed for 10 minutes in a mixture of 100 µl devitellinizing buffer [0.15
mM MgCl2, 25 mM NaCl, 1.5 mM Na-phosphate (pH 7.0), 6% formaldehyde] and 600 µl heptane.
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Dissected ovaries were then washed twice with PBT (PBS, 0.1% Tween 20) and incubated in 4 µg/ml
proteinase K (Fluka) in PBT for 2 minutes. Proteinase K digestion was stopped by washing the dissected
ovaries once for 1 minute with 2 mg/ml glycine. Dissected ovaries were then washed twice for 5 minutes
with PBT, fixed in 4% paraformaldehyde for 20 minutes, and washed three times for 5 minutes in PBT.
Hybridization was performed as described previously for imaginal discs (Schlichting et al., 2005).
Dissected ovaries were then washed four times for 15 minutes in hybridization buffer (HB), two times for
15 minutes in HB:PBT (1:1) and five times for 10 minutes in PBT, each at 60°C. Detection and generation
of the Cad99C antisense RNA probe were described previously (Schlichting et al., 2005).
Laser scanning microscopy of living wing imaginal discs and 3D-rendering
Wing imaginal discs were dissected in Ringer’s solution from third instar larvae and processed as
previously described (Greco et al., 2001). Briefly, live imaginal discs were transferred to a microscope
glass-slide with a chamber delimited by double-sided adhesive tape containing either M3 culture medium
or Ringer’s solution with 9 µM FM4-64 (Molecular Probes, Eugene, OR). Wing discs were oriented with
the squamous epithelium facing the coverslip. The discs were observed immediately using a ZEISS LSM
510 laser scanning confocal microscope (Carl Zeiss AG, Jena), usually employing a water immersion 63x
objective. Stacks of closely spaced (0.05 µm) sections were taken starting from the squamous epithelium
progressing toward the basolateral side of the columnar epithelial cells. Confocal sections were then
exported as TIF files and assembled in a library for processing using the 3D rendering software Volocity
v2.5 (Improvision, Lexington, MA). Quicktime movies and single snapshots were then obtained from the
3D rendering of the tissue.
The transluminal protrusions of columnar cells appeared to be very fragile and sensitive to both mechanical
and chemical stresses. In fact it has been not possible to observe them after fixation of wing imaginal discs,
neither in light nor electron microscopy. However, while the transluminal protrusions of columnar cells
normally can be seen only in live wing discs, upon Cad99C–GFP overexpression transluminal protrusions,
as well as planar luminal protrusions, can be observed in fixed tissues. All images here shown refer to the
pouch region of wing imaginal discs.
Bioinformatic analysis
Database searches were performed using the BLASTP algorithm of the National Center for Biotechnology
Information (NCBI) at http://www.ncbi.nlm.nih.gov/BLAST/ using standard parameters against the non-
redundant NCBI protein database. The domain organization of cadherins was predicted employing the
Simple Modular Architecture Research Tool (SMART) available at http://smart.embl-heidelberg.de
(Schultz et al., 1998) with the PFAM domain option activated. The putative extracellular cadherin repeats
(ECs) were then retrieved and scanned visually for the presence of Ca2+- binding sites, according to the
consensus sequences DXD, LDRE and DXNDN (Shapiro et al., 1995). The softwares SignalIP
(http://www.cbs.dtu.dk/services/SignalP/ (Nielsen et al., 1997)) and Prosite (http://www.expasy.org/prosite/
97
(Sigrist et al., 2002)) were used to identify putative signal peptide sequences. To analyze the cytoplasmic
region for the presence of conserved short motifs the softwares Prosite and ELM (http://elm.eu.org/
(Puntervoll et al., 2003)) were used, accompanied by visual scanning. The C-terminal amino acidic regions
containing the PDZ-binding sites were aligned with ClustalW v1.4 (included in MacVector 7.2, Accelrys).
For the phylogenetic analysis we considered only the cadherin sequences from Mus musculus, Homo
sapiens, Drosophila melanogaster and Anopheles gambiae that, from the BLAST analysis, appeared to be
most closely related to the Dm Cad99C sequence. The extracellular regions comprising the cadherin repeats
(ECs) were used to reconstruct an evolutionary tree, using the PHYLIP program
(http://evolution.genetics.washington.edu/phylip.html) with the Neighbor Joining and Fitch-Margoliash tree
building distance-based methods. The accession numbers of the sequences used for the bioinformatic
analysis are: Dm Cad88C (NM_169594), Ag Cad88C (XP_321514), Dm E-cadherin (NM_057374), Ag E-
cadherin (XP_308578), Hs CDH23 (NM_052836), Mm CDH23 (NM_023370), Dm CadN2 (AAF53636),
Mm NP_05908, Hs NP_00139, Dm Dachsous (AAF51468), Ag Dachsous (XP_317578), Hs Cadherin 16
(XP_219128), Ag XP_317558, Dm fat (AAF51036), Hs fat1 (NP_005236), Mm fat1 (CAB65271), Hs fat2
(NP_001438), Dm fat2 (AAF49078), Hs fat3 (XP_061871), Dm Cad87A (AAF54717), Dm Cad74A
(AAF49351), Dm CadN (O15943), Ag XP_318803, Mm PCDH15 (AAG53891), Hs PCDH15
(AAK31804), Ag Cad99C (XP_312660), and Dm Cad99C (AAF56955).
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